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IZusammenfassung
Chirurgische Eingriffe zur Wiederherstellung von Körperarealen nach Tu-
morentfernungen sind von enormer Bedeutung für die Lebensqualität der
betroffenen Patienten. In den letzten Jahren konnten durch die Fortschritte
in der Mikrochirurgie und durch die Verwendung von körpereigenen Trans-
plantaten entscheidende Verbesserungen erzielt werden. Die heute etablierten
Verfahren basieren jedoch stark auf den individuellen Erfahrungen und dem
Können des operierenden Chirurgen und es gibt einen expliziten Mangel an
objektiven und evidenzbasierten Methoden auf diesem Gebiet zu beklagen.
Computergestützte Verfahren, die in anderen Bereichen der Wissenschaft fest
etabliert werden konnten und dort mittlerweile unverzichtbare Dienste leis-
ten, bergen das Potential, die Planung und Durchführung dieser Eingriffe
entscheidend zu verbessern. Die vorliegende Arbeit befasst sich daher mit
der Entwicklung von Anwendungen der computergestützten Biomechanik in
der rekonstruktiven Chirurgie, wobei es sich hierbei um interdisziplinär aus-
gerichtete Forschung im Grenzbereich zwischen Ingenieurwissenschaften und
den medizinischen Disziplinen der Mund-, Kiefer und Gesichtschirurgie sowie
der Plastischen Chirurgie handelt.
In der vorliegenden Arbeit wird im ersten Teil eine allgemeine Einführung
in die jeweiligen Methoden mit medizinischem Fokus gegeben. Ein besonde-
rer Schwerpunkt in diesem Teil liegt auf dem aktuellen Stand der Forschung
zu den Materialeigenschaften der relevanten humanen Gewebe, insbesonde-
re des Weichgewebes der weiblichen Brust und der knöchernen Struktur des
Unterkiefers. Aus ingenieurwissenschaftlicher Sicht ist die Kenntnis valider
Materialparameter entscheidend für die Übersetzung von medizinischen Auf-
gabenstellungen in rechnergestützte Simulationsmodelle.
In der Wissenschaft herrscht derzeit kein Konsens über verlässliche Materi-
aleigenschaften, die das mechanische Verhalten des Gewebes der weiblichen
Brust unter mechanischen Lasten beschreiben. Daher wurde im Rahmen der
vorliegenden Arbeit ein Verfahren entwickelt, welches die patientenindividu-
elle Bestimmung der notwendigen Materialparameter ermöglicht. Hierzu wird
eine Kombination von unterschiedlichen bildgebenden Verfahren verwendet,
wobei sowohl dreidimensionale Oberflächenaufnahmen der Patienten in ste-
hender Position aufgenommen werden, als auch eine volumetrische Erfassung
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mittels Magnetresonanztomographie durchgeführt wird. Letztere Bilddaten
werden verwendet um am Computer Modelle zu erstellen, die eine virtuelle
Simulation der mechanischen Deformation des Gewebes unter Gravitations-
last ermöglichen. Hierbei ist eine besondere Herausforderung aus Sicht der
Simulation, dass die aufgenommenen Gewebsstrukturen nicht in ihrer unde-
formierten Gestalt vorliegen, sondern bereits durch die Wirkung der Gra-
vitation verformt sind. Um diesen Umstand hinreichend berücksichtigen zu
können wurde ein spezielles Verfahren entwickelt und implementiert, welches
die Rückrechnung auf eine spannungsfreie Konfiguration ausgehend von einer
bekannten belasteten Form mittels eines iterativen Algorithmus ermöglicht.
Unter Verwendung dieses Verfahrens können Simulationen der Verformung
des Brustgewebes unter verschiedenen Belastungen durchgeführt werden. Auf
diese Weise simulierte Formen in stehender Position können in Relation zu
entsprechenden Oberflächenaufnahmen gestellt werden, wodurch eine Vali-
dierung der Berechnungen ermöglicht wird. Auf diese Weise kann eine Ab-
schätzung getroffen werden, wie gut ein Modell in der Lage ist, die jeweiligen
tatsächlichen kontinuumsmechanischen Gegebenheiten im Gewebe der Brust
am Computer abzubilden. Durch Optimierungsmethoden kann mit diesem
nicht invasiven Verfahren der patientenindividuell beste Satz an Material-
parametern gefunden werden, der das mechanische Verhalten des Gewebes
der Brust beschreibt. Anwendungen dieses Verfahrens sind im Bereich der
Operationsplanung zu sehen, wo die Position von Tumoren der Brust in un-
terschiedlichen bildgebenden Modalitäten dargestellt wird. Um realistische
Simulationen dieser Operationen am Computer durchführen zu können, kann
das vorgestellte Verfahren entscheidenden Mehrwert bieten, aber auch für
die computergestützte Planung von rekonstriktiven Eingriffen in der Brust-
chirurgie sind die Materialparameter des Brustgewebes von entscheidender
Wichtigkeit.
Bei der Planung von chirurgischen Rekonstruktionen der Brust mit körperei-
genem Weichgewebe werden heute in der Regel mikrochirurgische Transplan-
tate aus der Bauchregion verwendet. Dabei wird üblicherweise ein zu großer
Defekt an der Entnahmeregion erzeugt, da es an objektiven und verlässli-
chen Planungsmitteln mangelt. In der vorliegenden Arbeit wurde ein Ver-
fahren entwickelt, welches es jedoch ermöglicht, mittels Volumenbildgebung
zur Gefäßdarstellung in Kombination mit computergestützten Verfahren, ge-
nauere Planungen des Entnahmevolumens zu erstellen und so potentiell den
Entnahmedefekt zu reduzieren. Das entwickelte Verfahren stellt eine compu-
tergestützte Anwendung inklusive einer graphischen Benutzeroberfläche zur
Verfügung, mit Hilfe derer der Behandler geplante Abmessungen des Trans-
plantates auf der virtuellen Hautoberfläche anzeichnen kann, auf die gleiche
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Weise wie später die Schnitte im Operationssaal gesetzt werden sollen. Das
Programm ermöglicht eine Auswertung des jeweiligen Transplantatvolumens
und mittels einer entsprechenden Berechnung des fehlenden Brustvolumens
an der Empfängerstelle kann eine genaue Planung der Transplantatgröße er-
folgen.
Jedoch ist für die rekonstruktive Burstchirurgie das Volumen des Transplan-
tates nicht der einzige relevante Parameter und so sind in der Planung dieser
Eingriffe auch andere geometrische Abmessungen zu berücksichtigen, die für
die Wiederherstellung einer symmetrischen Brustregion entscheidend sind.
Um diesen Umstand zu adressieren wurden zwei unterschiedliche Verfahren
zu Planung von Brustrekonstruktionen, die bisher auf konventionellen Me-
thoden beruhten, in voll digitalisierte Prozessketten überführt. Diese Verfah-
ren ermöglichen es, durch die Verwendung von moderner Bildgebungstechno-
logie und Simulationsalgorithmen aus den Ingenieurwissenschaften, wie der
Methode der finiten Elemente, eine gegenüber konventionellen Verfahren ver-
besserte Planung zu erstellen. Durch den Einsatz von Berechnungsmethoden,
welche voll automatisiert am Computer ablaufen können, können Operations-
verläufe vor dem eigentlichen Eingriff simuliert und optimiert werden.
Der menschliche Unterkiefer unterliegt bezüglich seiner Größe und Propor-
tionen einer erheblichen interindividuellen Formvarianz. Implantate für die
osteosynthetische Überbrückung von knöchernen Defekten nach Tumorresek-
tionen müssen intraoperativ unter Umständen sehr stark an die individuelle
Form des Knochens angepasst werden, wobei die hierzu notwendigen plasti-
schen Verformungen eine Schwächung des Materials darstellen, welche zum
Plattenbruch führen kann. Um diesem Nachteil entgegenzuwirken, ist es von
größter Wichtigkeit, Plattensysteme zu entwickeln, die der durchschnittlichen
Form des Unterkiefers bestmöglich entsprechen. In der vorliegenden Arbeit
wurde daher ein Verfahren entwickelt, welches die Erfassung von anthropome-
trischen Daten des Unterkiefers und deren statistische Auswertung erlaubt.
Der entwickelte Algorithmus ermöglicht dabei die computergestützte und
voll automatisierte Auswertung der Morphologie des Unterkiefers. Auf der
Basis einer umfangreichen digitalen Datenbank von CT-Aufnahmen physio-
logischer Unterkiefer konnte ein statistisch gemitteltes und somit standardi-
siertes Modell des menschlichen Unterkiefers erstellt werden. Dabei umfassen
die untersuchten Parameter die vollständige geometrische Varianz der Form
des Unterkieferknochens und ermöglichen deren statistische Auswertung. Die
verwendete mathematische Methode der Hauptkomponentenanalyse eröffnet
zudem neue Möglichkeiten zur Abbildung der knöchernen Varianzen in der
gesamten Population für die geometrische Anpassung von Osteosynthese-
platten. Des Weiteren wurde eine volumetrische Vernetzung des geometrisch
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gemittelten und somit standardisierten Unterkiefers mit finiten Elementen
entwickelt, welche die Abbildung der statistischen Formvarianz für numeri-
sche Simulationen von mechanischen Belastungen ermöglicht. Durch flächen-
verteilte Einleitungen der Muskelkräfte auf physiologische Angriffsflächen am
Knochen konnte ein äußerst detailliertes Modell erstellt werden, welches auf
individuelle Kieferformen adaptiert werden kann. Die konstante Topologie
des Netzes bietet hierbei im Unterschied zu variablen Vernetzungen die Mög-
lichkeit eines direkten Vergleiches von unterschiedlichen Simulationsergebnis-
sen. So konnte der Einfluss der Formvarianzen auf die Kaukräfte am Kiefer
untersucht werden.
Diverse biomechanische Experimente wurden durchgeführt, sowohl mit künst-
lichen Knochenmodellen als auch mit humanem Knochenmaterial. In den Un-
terkiefern wurden standardisierte Defekte gesetzt, die mit humanen Knochen-
transplantaten von Wadenbein, Schulterblatt oder Beckenkamm überbrückt
wurden. Die Knochenfragmente wurden mit unterschiedlichen Plattensyste-
men fixiert und in einer eigens entwickelten Versuchsvorrichtung mit Lasten
beaufschlagt, die ein physiologisches Beißen simulieren. Die Verformungen
der belasteten Kiefer wurden mittels einer optischen Detektionseinrichtung
gemessen und die dreidimensionale Verwindung des Knochens konnte am
Computer ausgewertet werden. Durch diese Experimente konnten wertvolle
Erkenntnisse über die Stabilität von Unterkieferrekonstruktionen gewonnen
werden, sowohl in Bezug auf die unterschiedlichen Knochentransplantate als
auch bezüglich der verwendeten Plattensysteme.
Schließlich wurde eine computergestützte Planungsmethode zur Behandlung
von Defekten des Orbitabodens mittels eines Transplantates von der Schä-
delkalotte entwickelt. Diese Spenderregion bietet zwar ein reiches Angebot
an potentiell geeignetem Knochen, durch die unterschiedliche Kurvatur des
Schädeldaches an unterschiedlichen Stellen wird jedoch die Entscheidung für
eine spezielle Entnahmeposition erschwert. Heute erfolgt die Wahl dieser Re-
gion in der Regel nicht nach geometrischen Kriterien sondern rein nach visu-
ellen Abschätzungen. Das neu entwickelte Verfahren ermöglicht die Berück-
sichtigung von geometrischen Übereinstimmungen zwischen geplanter Form
des zu rekonstruierenden Orbitabodens und der jeweiligen Spenderregion an
der Schädelkalotte. Mit Hilfe eines voll automatisierten Algorithmus kann die
optimale Stelle zur Entnahme befunden werden. Diese Methode wurde bei der
Operationsplanung für die Behandlung eines Patienten mit einer ausgepräg-
ten Rücklage des Augapfels nach traumatischer Fraktur des Orbitabodens
angewendet. Durch einen navigierten Eingriff, bei dem die computergestützte
Planung berücksichtigt wurde, konnte die Fehlstellung zufriedenstellen kor-
rigiert werden und die Lebensqualität dieses Patienten konnte entscheidend
Vverbessert werden. Das entwickelte Verfahren bietet durch seine Objektivität
und Reproduzierbarkeit einen Vorteil gegenüber konventionellen Planungs-
verfahren für derartige rekonstruktive Eingriffe.
Die vorgestellten Methoden sind vielversprechende Ansätze für Verbesserung
in der Planungsphase der rekonstruktiven Chirurgie, die das Potential ha-
ben in den kommenden Jahren in den klinischen Alltag integriert zu wer-
den. Es genügt dabei nicht, dass Methoden entwickelt werden, die nur auf
akademisch-theoretischer Ebene verbleiben, weil sie nicht den notwendigen
Bezug zur klinischen Realität aufweisen. Damit diese Verfahren tatsächlich
angewendet werden können und ihren Einsatz zum Wohle des Patienten fin-
den können, ist es daher von entscheidender Wichtigkeit, dass fortlaufend ein
enger Dialog zwischen den beteiligten Disziplinen, den Ingenieurwissenschaf-
ten und der Medizin, geführt wird.
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Preface
The present work reflects several of the aspects of my work in the past four
years. As there have been numerous topics that I have been allowed to work
on, this thesis is not focusing on one specific narrow field of research. Instead,
it is showing interdisciplinary research in close dialog between engineering
sciences and medicine. Moreover, it is even spread between two medical dis-
ciplines, as I was working in two separate research groups the past years and
hence applications in cranio-maxillofacial and plastic surgery are shown like-
wise. The connecting line between the two disciplines is that in both fields the
aim was to develop computer applications for the planning of reconstructive
surgery. In recent years, the advent of microsurgical transplantation made
new surgical techniques with autologous transplants possible. However, these
procedures rely mainly on the individual skills and visual judgment of the
operator and there is a distinct lack of objective planning tools. Computer
aided applications, like the ones proposed in this work, bear the potential to
improve the surgical outcome decisively and may provide valuable guidelines
for the surgeons at the stage of operation planning.
In the following an overview of the structure of the thesis is given:
Part I gives a general introduction to the field of research that is addressed
in this work. It includes after this preface with an overview of the different
chapters of this work the general motivation in chapter 1. Afterwards, in
chapter 2 a listing of all the publications with my contribution which have
been produced during the time of the preparation of the present work is
provided and acknowledgments to all people who were supportive for the
compilation of this thesis may be found in chapter 3.
Part II is showing the clinical tasks and the current state of research in the
relevant fields. In this part chapter 4 describes the modeling of the human
anatomy under special consideration of the constitution of biological tissues.
Though this is a medical topic it is important to mention that it is described
from my perspective as an engineer. In chapter 5 the theoretical consti-
tutive modeling is described in detail with the corresponding mathematical
formulations. Furthermore, comprehensive reviews of literature on material
parameters of the relevant biological tissues are included in that chapter.
In part III the methods are shown which have been utilized in this work and
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the specially developed and implemented algorithms are described. In chap-
ter 6 the utilized imaging technologies and employed experimental devices
are shown and their working principles are explained. The algorithms that
were developed in the scope of this work are explained in detail in chapter 7,
which is mainly directed to readers with an engineering or computational sci-
ence background.
The parts IV and V comprehend the concrete applications of the developed
methods and processes to clinical tasks in the two different disciplines of
medicine:
Part IV shows the elaborated methods in plastic surgery. Both, studies
with healthy volunteer subjects and clinical patients have been performed in
that scope:
In chapter 8 a method of in vivo acquisition of the constitutive parameters of
the female breast is introduced. The work uses a combination of MR images
acquired in prone position and 3-D surface scans in upright standing position.
Based on a collective of healthy volunteers the applicability of the method
could be shown. Different material formulations that have been published in
literature were utilized and the suitability for the test person collective was
evaluated. Furthermore, an optimization of material parameters has been
undertaken to find an optimal set of constitutive parameters individually for
each volunteer.
Chapter 9 shows a computer aided method to predict the flap volume at
the abdominal region for breast reconstructions with tissue transplants. This
study was conducted based on CT-Angio data of patients who underwent
breast reconstruction surgery.
Eventually, chapter 10 shows two applications of computational approaches
in the planning stage of reconstructive surgeries after tumor removal. In
this scope two innovative surgical procedures that have been introduced by
other researchers were transferred to process chains that use combinations
of modern imaging techniques and numerical simulations to find the optimal
shape of a transplant flap from the abdominal region to reconstruct the
missing breast.
Part V shows the applications of computational methods in cranio-maxillo-
facial surgery. In this fraction of the work, experimental studies with bone
material from body donors as well as artificial bone models were performed.
Furthermore, an application for the evaluation of statistical variability of the
morphology of the mandible was generated and a computational planning
method was developed and successfully applied in one clinical case.
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The first chapter of this part, chapter 11, introduces a method of statis-
tical evaluation of the complex shape of the mandible bone. The outcome
of an anatomical study on 65 mandibles from body donors is presented and
a method is described that allows to produce a shape variable mesh of con-
sistent topology which is essential for the generation of standardized finite
element simulation models that may be individualized to represent the in-
dividual anatomical shapes of particular patients. The impact of geometric
variations on the load distribution on an average model of the mandible was
investigated in that study.
Chapter 12 describes the biomechanical experiments that have been per-
formed both with artificial bone models and with ex vivo mandible specimens
that have been reconstructed with bone transplants from the fibula, scapula
or iliac crest, respectively. The specimens were loaded in an experimental de-
vice that allowed the modeling of biting loads and muscle forces that mimic
the physiological strain of the mandible bone. From these studies several
valuable clinical conclusions could be drawn for mandibular reconstructions
with autologous bone grafts.
In chapter 13 a clinical application of a developed computer aided algo-
rithms is shown. The reconstruction of an orbital floor in a patient after
traumatic fracture with a calvarial bone graft from the patient’s skull was
planned with the novel approach. Out of multiple different positions of the
harvesting region, the best accordance towards the desired shape of the or-
bital floor that needs to be reconstructed is calculated. The donor region
that was proposed by the computer was used as a guideline in an actually
performed surgery. The operative outcome is satisfying and thus increasing
the quality of life for this particular patient and hence the applicability of
this promising new method could be demonstrated.
The chapters 8 to 13 are composed in a structure such that it is possible
to read them separately, but where it is appropriate references to the other
chapters are provided.
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Part I
Introduction

31 Motivation
Malignant neoplasm, commonly known as cancer, is summarizing a group of
diseases that shows continuously increasing numbers all over the word. In the
United States of America for example in 2013 the estimated number of newly
detected cases of cancer is above 1.6 million with an estimated number of
580,350 deaths caused by these diseases [1]. In many cases a surgical removal
of the affected region is an inevitable treatment that may prevent the tumor
from further unregulated growth and thus save the patient’s life. But the
procedure may cause a substantial defect due to the missing of tissue that
reduces the quality of life of these patients.
The reconstruction of body parts that are missing after tumor removal is
an extremely challenging task for the operating surgeons, especially in the
fields of plastic and maxillofacial surgery. As breast cancer is one of the most
common forms of cancer in women, there is an enormous number of women
who had to undergo breast removal surgery. Even though the physiological
function of the breast cannot be operatively restored, the sociocultural com-
ponent is a highly important factor that incites the wish for a reconstruction
of the removed breast. Furthermore, surgical reconstruction is enormously
important in the facial region where several necessary functions, such as
speech and mastication, are essential for the patient. Additionally, the face
is the region of the body, where the aesthetic perception is most important,
as it is always exposed to the public and thus has an extreme importance in
the social life. Hence, it is evident that reconstructive surgery may essentially
increase the quality of life for patients after tumor removal surgery.
Even though reconstructive surgery is of such a high importance for the
patients, the surgical interventions rely solely on the experience and the in-
dividual skills of the operating surgeons. As Sutradhar et al. [2] phrase these
circumstances for reconstructions of bony parts of the mid face region: An
important limitation of the current methods is heuristic ad hoc design of bone
replacements by the operating surgeon at the time of surgery. The introduced
term heuristic ad hoc design describes precisely the currently used methods
in surgery planning, as there is few or even no use of evidence based recon-
structive surgery techniques and there is a distinct lack of objective means of
operation planning for these highly complex interventions. Approaches that
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Figure 1.1: The principle scheme of the modeling and validation process in general
simulation, adapted graph originating from Schlesinger [3].
incorporate numerical simulation and take advantage of modern computer
aided techniques, as they are routinely used in other disciplines such as engi-
neering, bear an enormous potential for the improvement of these demanding
procedures. An improved accuracy of planning and the possibility of objec-
tive evaluations of the operative outcome of reconstructive procedures may
be provided by the integration of computational methods into the process
chain of reconstructive surgery.
As biomechanical research offers new possibilities for reconstructive surgical
treatment concepts, especially with the integration of novel computer aided
procedures, in this work several different approaches for the incorporation
of computer aided methods from engineering are shown that are used to
improve different procedures in reconstructive surgery. However, besides the
enormous potential that is attributed to these novel approaches there are
also risks that need to be mentioned. If the medical task is not validly
modeled or there are errors the calculations, the outcome of biomechanical
simulations will not represent reality adequately and hence any conclusions
that are drawn based on these findings are questionable at best and dangerous
at worst.
Computational biomechanics is a highly interdisciplinary field of research.
As it is located between the domains of engineering sciences on the one hand
side and medical research on the other side there is an explicit need for inter-
5disciplinary communication. As the engineering sciences in this context split
even further up into classical mechanical engineering and physics as well as
the relatively new approaches from computer sciences and information tech-
nology, a further need for widening of the scientific knowledge is demanded
for the scientists that work in this particular field.
Computer sciences have become an essential pillar for the work of today’s
engineers and likewise, they bear also huge potential in the area of biomechan-
ics. In that scope it is essential to understand some fundamental principles
of simulation theory and modeling, in order to have realistic expectations
and to define a common language in which members of all disciplines may
communicate and collaborate in a productive manner.
Wherever computer simulation is involved in science, validation techniques
have to be developed to investigate to what extent the simulation is reason-
able and offers a sufficiently accurate representation of reality. Otherwise,
the simulations would stand alone without any connection to the real world
problem. Especially in medicine it could be fatal to draw clinical recom-
mendations based on computer simulations that are not properly validated
with experimental data. A principle sketch of the general process of scien-
tific simulation is shown in figure 1.1. There are two fundamentally different
steps to investigate the correctness of simulations that are called verifica-
tion and validations. The model verification is about solving the equations
right [4]. Thus, comparisons have to be made between the conceptual model
and the computational model. Validation in contrast is about solving the
right equations [4]. For the validation a comparison between the results that
are generated with the computational model and real world observations is
performed. It is important to understand that verification is not necessarily
requiring validity, i.e. right computations may be performed even though the
developed conceptual model is wrong.
In multidisciplinary research the experts in the different disciplines have cer-
tain skills that cover some particular parts of the whole simulation process,
but none of them is able to perform the whole simulation without consul-
tation of the other disciplines. In biomechanics for example the physicians
have access to reality which is in the case of medicine the contact to the pa-
tients and the immediate clinical task that they have to face in daily routine.
Out of this clinical experiences and their theoretical medical knowledge, e.g.
on anatomy and human biology, they can deduce conceptual models. These
models are in their nature always a simplification of reality, however, they
need to be accurate enough to be able to represent the real problem with-
out discarding relevant features. As the engineer has no direct access to the
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Figure 1.2: Graphical visualization of the domains in biomedical simulation. The
scopes of clinical physicians and engineers overlap on the theoretical model. The
dialog between these groups is essential to allow the validation of the simulation
model.
real medical task, the step of model development belongs solely to the med-
ical domain. But when it comes to the implementation of a computerized
model based on the elaborated conceptual model, the engineering sciences
are demanded. Hence, a close dialog between the disciplines is inevitable
to find conceptual models that are reasonable simplifications of reality and
that have a principle form that may be translated to a computational model.
That process of translation of the theoretical conceptual model to concrete
representation of programmed code is limited to professionals with distinct
expertise on that field and in general physicians with their medical educa-
tion have not the prerequisite to overlook this part of the simulation process.
Thus, two separate domains are formed in biomechanical research. A graph-
ical representation of these domains is depicted in figure 1.2.
The model verification lies completely inside the engineering domain and
hence this task has to be performed solely by the engineers. The essential
final step of validation of the calculations, however, which is about solving
the right equations, includes the essential comparison with reality. As this
steps lies in the overlap of both domains, the close interdisciplinary dialog
is of decisive importance for the model validation. It is essential that the
researches from both disciplines can find a common language to avoid crucial
misunderstandings. Only if this dialog is persistent, vital, direct and bilat-
7eral, the outcome of the simulations may be used to draw valid conclusions
for the medical sector.
A best practice for the validation of computational biomechanics with regards
to clinical applications is given by Viceconti et al. [5], which is especially
focused on the validation of finite element simulations.
In the present work a high value was given to the process of validation. For
example, the method for the assessment of material parameters of the female
breast that is presented in chapter 8 uses theoretical material formulations
that originate from engineering sciences and uses a distinct method of vali-
dation based on different medical imaging modalities. A further application
in reconstructive plastic surgery provides a method for the estimation of the
transplant volume in breast reconstruction based on computer aided proce-
dures. In that scope the computational predictions could be validated with
real measurements of flap weights that have been conducted by surgeons in
the operating room, see chapter 9.
For example in chapter 11 a method of development of a morphable mandible
model is introduced. Since its development was based on real anatomical
data that model is a priori valid to represent the morphological average
and variability of the underlying geometric data. However, its validity to
represent the general population can only be approximated by the use of a
larger amount of investigated mandibular bones. The computational plan-
ning method that is described in chapter 13 and that has been used in oper-
ation planning for one particular patient has shown its applicability. Thus,
the algorithm could show to be valid in surgery planning, as a satisfying
outcome of the surgery could be achieved in the reported case. However, an
augmentation of the validation is required that is based on a larger pool of
data, e.g. in the scope of an anthropomorphic study on the shapes of skulls
and orbital floors of several patients, to demonstrate the general applicability
of this algorithm.
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4 Relevant anatomy and medical challenges
The present work takes the perspective of an engineer to look at the tasks
in reconstructive surgery. But in that scope it is inevitable to give also a
short introduction to the medical backgrounds. Hence, this chapter con-
tains a survey of the different anatomical structures that are relevant for the
applications developed in the present work.
As the thesis exhibits applications in the two medical disciplines plastic
surgery and cranio-maxillofacial surgery, there is also a division of this chap-
ter in two parts that describe the relevant anatomy and surgical techniques
for these two branches.
First the anatomy of the physiological female breast with its different soft
tissue compartments is described. Furthermore, malignant neoplasms in that
tissue, i.e. breast cancer, are mentioned and an overview of surgical recon-
struction techniques is provided.
The second part of this chapter focuses on cranio-maxillofacial surgery and
thus deals with the bony anatomy of the face. In particular the mandible is
described in detail, as this is a bone that is due to its high mechanical loads
in the chewing process particularly interesting for simulations of mechanical
stresses with the aid of the finite element method. This section also includes a
summary of the most widely used methods of reconstruction with autologous
bone transplants.
4.1 Anatomy of the physiological female breast
In this section the anatomy of the physiological female breast is described
in detail. In addition to the listing of all relevant anatomical compartments,
the reconstructive operations with different autologous soft tissue transplants
are introduced.
Fibroglandular tissue
The major physiological task of the female breast is the production of milk
during breast feeding. This duty is taken by milk producing lobes that are
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Figure 4.1: Left: The fibroglandular tissue, shown in darker color as segmented
from MRI volume data. Right: Principle sketch of the different anatomical parts
of the breast (visualization based on [6]).
connected to thin ducts that deliver the milk to the nipple, see figure 4.1.
Generally, each mammary gland consists of 15-20 glandular lobes that to-
gether with the ducts are usually summarized to form the fibroglandular
tissue (or often called simply glandular tissue) [6]. In young females the
breast is mainly composed of glandular tissue while with progressing age -
especially after meno pause - the amount of glandular tissue decreases. The
shape of the fibroglandular tissue with its small lobes is amorphous and un-
formed and thus it is difficult to segment it in volumetric imaging data sets
as one continuous section. Hence, in most publications that deal with breast
tissue simulation on a macroscopic level, i.e. that the full geometry of the
breast is modeled, the glandular tissue is often not treated as a separate tis-
sue that is distinguished from its surrounding tissues [7–10]. Because of its
small size the nipple is usually not modeled as a separate part in numeric
simulations. However it is an essential landmark that is easy to detect in
all imaging data, such as standard photography, 3-D surface scans or volu-
metric images (e.g. MRI). For the aesthetic perception of breast symmetry
it is highly relevant that both nipples are at equal hight when the subject is
standing upright [11].
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Figure 4.2: Axial MRI slide of a female breast in prone position. Fat tissues have
the brightest color in these images due to their high content of water and thus can
be clearly distinguished form glandular tissue.
Adipose tissue
Besides the fibroglandular tissue the majority of the breast consists of adipose
tissue, also referred to as fatty tissue. That tissue can easily be distinguished
from the glandular tissue in MRI imaging due to its different water content
that leads to high contrast images, as seen in figure 4.2. The ratio of fat
tissue with respect to glandular tissue in the breast is substantially variable
between individuals [6].
Even though the adipose tissue is divided into small bags of connective tissue,
in modeling for numerical simulations of the breast the assumption of one ho-
mogeneous volume is often taken for the sake of simplicity. Then, the breast
is usually modeled as being completely composed of homogeneous, isotropic
fatty tissue [7–10]. This assumption seems justified for a fist approximation
of the simulation task especially as in women in the age where breast cancer
is most frequent, the fat tissue is the major compartment of the breast. Thus
in the scope of this work the breast is treated as one homogeneous tissue.
The density for adipose tissue that have been used in the scope of this work
are 1 [g/ccm], as proposed in literature [12, 13] and supported by own re-
sults [14].
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Figure 4.3: Example segmentations of the pectoralis major muscles on the thoracic
wall.
Muscular tissue
The breast is positioned anterior of the pectoralis major muscle, which is the
major muscle on the chest. This fan-shaped muscle originates at the sternum
and clavicular bones and inserts in the humerus bone. Underneath the pec-
toralis major is the by far smaller pectoralis minor that extends vertically,
lying flat on the ribs. The fascia surrounding the muscles allows them to slide
against each other and over the ribs. These muscles then attach to the ribs,
sternum, clavicle and humerus bone of the upper arm as shown in example
segmentations based on MRI images in figure 4.3.
As muscles are active tissue they have direction dependent material proper-
ties due to the distinct orientation of their fibers that may apply contractile
forces. Due to the focus of the present work on the soft tissue of the breast,
however, neither the anisotropy of the tissue behavior nor the active fraction
in the mechanical behavior of the muscle is simulated in the scope of this
work. Hence, in the present simulations whenever the muscle was treated as
deformable tissue it was simulated with homogeneous, isotropic and passive
material properties similar to the surrounding tissue.
The densities that have been used for muscle in the scope of this work are
again 1 [g/ccm], which stands in accordance to literature [12, 13].
Further muscles in the chest region are the serratus anterior muscles that are
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supporting the intercostal muscles in breathing. But due to the positioning of
the serratus muscles very close to the relatively stiff ribs a detailed modeling
of these muscles was omitted in the scope of this work. The same applies for
the intercostal muscles that are located between the ribs.
Due to their larger distance to the relevant part of the physiological breast,
e.g. no excessive ptosis or breast hypertrophy is present, the rectus abdomini
muscles are considered to be outside the region of interest for breast tissue
simulations. However, these muscles are an important factor in reconstructive
surgery with autologous transplants from the abdominal region, as they mark
the delimitation of the harvesting region for certain flap raising techniques
and thus they are a relevant boundary in the reconstruction planning stage.
Bony parts
The ribs together with the sternum bone form the chest wall, also referred to
as thoracic wall. Though the ribs are deformable to allow volume changes of
the lung for breathing, in the scope of this work they are modeled as rigid,
because these deformations are much smaller than those due to the large
strains of the soft tissue of the breast. Thus, the thoracic wall is used as a
rigid boundary condition for the simulation that allows no deformation and
limits the simulation models to the back. Figure 4.3 shows segmentations
of the whole thoracic wall based on CT images next to the corresponding
pectoral muscles.
The clavicle bones are connected with joints to the sternum close to the
sternal notch and reach out laterally to the tips of the humerus bones at the
shoulder joints. In a recently published study, the influence of the clavicle
bone on the deformations of the breast has been shown to be negligible [15],
hence due to limited space in this thesis only models without the clavicular
bone are presented. Bony structures that are farther away of the breast
such as the humerus bones or the scapulae have not been included in the
simulations.
Skin
The breast is covered with skin tissue which contributes to its general me-
chanical properties. As skin is an organ that is mainly extended in two di-
mensions, its mechanical properties are usually modeled with shell elements
in large scale models. It is important to mention that there is a strong di-
rection dependency of skin tissue as it has so called skin tension lines, or
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Langer’s lines. These lines are results of the microscopic orientation of col-
lagen fibers and govern the macroscopic anisotropic behavior of skin tissue.
Since it is impossible to find one global direction of these lines, methods
have to be derived to implement direction dependent material properties in
macroscopic simulation models and currently work is undertaken to address
that particular issue with different techniques, see e.g. [16–18].
But not only the direction of anisotropy is variable in the breast region.
There is also a variation in skin thickness at different sections of the breast,
as was found by Pope et al. [19]. However, in the scope of the presented
work no simulation of skin as a separate compartment have been employed.
This simplification was taken, as Pathmanathan [20] found in his PhD thesis
that skins impact on the deformation of the underlying tissue is negligible.
In this work even a variation of skin stiffness about a factor of 10 did not
yield any significant changes in the simulated tumor location in that study.
Hence, Pathmanathan [20] concludes that skin is not a major factor in gov-
erning the deformation of the breast. However, it remains an open question
if this statement can be maintained for more advanced simulation models
and different deformation scenarios such as gravity loading.
Dynamic behavior of the breast tissue
The soft tissue of the breast is not only highly deformable due to static loads,
it also shows some time depending properties, thus it may be characterized
as viscoelastic. Several studies have been conducted concerning the dynamic
movement of the female breast during sports exercise [21, 22] or stair step-
ping [23].
However, in the present study, there is no relation to any time depending
loading conditions. In the experimental setting that was used, all measure-
ments were taken in a static position with enough time for the breast to settle
to its final resting position. Hence, no viscoelastic material properties need
to be considered in the present work.
A very comprehensive description of the different anatomical compartments
of the physiological female breast with focus on the material properties of
these tissues is given by Gefen and Dilmoney [23]. For further research the
reader is referred to this publication.
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4.2 Breast tumors and reconstruction techniques
Breast cancer is a relatively common disease in women in the western hemi-
sphere. In the US solely in 2013 a number of new cases of invasive breast
cancer in females of 232,340 is predicted, with an estimated 39,620 women
dying in the curse of the disease [24].
Approximately one out of ten women suffers from breast cancer throughout
the curse of her life. With approximately 30% it is the most common cancer
in women with the usual age of women above 55 years of age, according to
Steligo [25]. Early stages of tumor growth is a non-invasive stage that starts
usually at the ducts and does not infiltrate surrounding tissues. At this stage
the tumor is called ductal carcinoma in situ (DCIS) and can be treated with a
high rate of success. But about 80% of the tumors are invasive, called invasive
ductal carcinoma (IDC). Due to the rapid growth and uncontrolled spreading
of the affected tissue surgical removal of these lesions is then required, that
is referred to as mastectomy or tumor ablation.
4.2.1 Tumor removal surgery
After detection of breast cancer (such as IDC), an operative mastectomy in
which the whole breast or parts of it are amputated will frequently be part of
the treatment. This is a common intervention with an estimated number of
80,000 to 100,000 mastectomy performed in the United States each year [25].
Mastectomy may also be performed as a preventive treatment in women with
an inherent high risk of breast cancer.
Until the late 1970’s the radical mastectomy has been the most common
variant, where not only the soft tissue but also all surrounding tissues in-
cluding the pectoral muscles were removed. That treatment left the patients
with a flat, concave malformed chest and arm weakness due to the missing
muscles. Nowadays, mastectomy usually involves only the tumor affected
tissues, which can be relatively precisely localized by means of modern imag-
ing, such as mammography and MRI. However due to tissue movement, when
the patient is e.g. laying in prone or supine position, standing or when the
breast becomes deformed by mammography plates, the localization of the
affected regions is challenging [26–32]. Due to the soft tissue movement the
tumor may be at a different position during the operation compared to the
previously performed imaging. In order to deal with this issue it would be
highly beneficial to have computer aided procedures that help the operating
surgeon in the stage of tumor localization in the operating room.
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Besides the breast removal that takes the skin envelope, a further variant is
the so called subcutaneous mastectomy or skin sparing mastectomy, where
the skin of the affected breast remains. That variant is advantageous if
immediate breast reconstruction is desired and the skin mantle of the affected
breast is healthy and may be maintained.
4.2.2 Reconstruction techniques
Besides breast reconstruction with artificial implants the most commonly
used reconstruction technique is the use of autologous soft tissue transplants,
i.e. from the patient’s own tissue. There are numerous techniques involving
different donor sites for the breast reconstruction that are listed in the fol-
lowing.
• TRAM flap
As the name TRAM that stands for transverse rectus abdominis my-
ocutaneous already tells, this transplant is harvested from the rectus
abdominis muscle. Developed in the 1980’s this technique was the
first abdominal flap that was used for breast reconstruction. For this
technique, the blood supply is not interrupted, making it a pedicled
flap (i.e. attached on a blood vessel). While the transplanted tissue is
moved under the remaining skin to form the new breast shape, the flap
stays tethered to the supporting vessels making no microsurgery neces-
sary. However, excessive stretching of the vessels may lead to necrosis.
A further disadvantage is that the removed major abdominal muscle
lead to restrictions in mobility for the patients. In modern surgery
TRAM flaps are more and more replaced by microsurgical flaps that
use subcutaneous adipose tissues.
• Latissimus dorsi flap
This reconstruction technique has originally been developed for the
functional reconstruction after radical mastectomy to replace the miss-
ing pectoralis major muscle. This pedicled myocutaneous flap can be
used for the reconstruction of small or medium sized breast due to
its relatively low volume. It bears certain risks or disadvantages as
back pain, large scars and restrictions in mobility are common side ef-
fects of this reconstruction variant. Furthermore, the volume supply
of this donor region is often not enough to regain symmetrical breast
shapes [33]. Thus, that reconstruction technique is less and less used
today.
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• DIEP and SIEA flap
Both, the DIEP flap (deep inferior epigastric perforator) and the SIEA
Flap (superficial inferior epigastric artery) are free flaps from the ab-
dominal regions. Unlike the previously described TRAM flap they con-
sist of fatty tissues meaning that no muscles have to be sacrificed for
this operation technique leading to fewer constraints in mobility for the
patients. As the flaps are free there is no vessel that delivers persistent
blood supply. Instead, a microsurgical coupling (so called anastomo-
sis) has to be made. The difference between DIEP and SIEA flaps that
are both harvested at the abdominal region is the choice of supplying
vessels: as the deep inferior epigastric perforator is cut near the rectus
abdominis muscles the supplying vessels from the superficial inferior
epigastric artery can be found closely to the skin. Both, DIEP and
SIEA deliver comparable results and are the most modern reconstruc-
tion techniques with low rates of complications, small donor site defects
and usually satisfyingly pleasing aesthetic results.
• GAP flaps
The group of GAP flaps uses subcutaneous fatty tissue that is sup-
plied by the superior of inferior gluteal artery perforator. These flaps
are similar to DIEP and SIEA flaps as being free microsurgical trans-
plants, but the harvesting area is not on the abdominal region but on
the buttock region [34]. These flaps may cause asymmetry of the but-
tock and this relatively uncommon technique is only performed by few
plastic surgeons.
• TUG and LAP flap
There are further donor sites that are less commonly considered, how-
ever they provide material for breast reconstructions. TUG flaps are
free transplants harvested from the thigh that are supplied by the trans-
verse upper gracilis vessel [35]. The operation is less complex than the
DIEP or GAP interventions. However, the tissue supply may be lim-
ited to the reconstruction of only small to medium sized breast. LAP
flaps in contrast are free flaps that are supplied by the lumbar artery
perforator and take tissue from the region of the hip [36].
The supply by blood vessels is of highest importance for microsurgical trans-
plants. In figure 4.4 a visualization of the deep inferior epigastric perforator
vessel is shown which is the main supply for the very common DIEP flap.
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Figure 4.4: Vessel system of the abdominal region segmented from an CT-angio.
The deep interior epigastric perforator shows as the two ascending branches in
front of the pelvic ring.
4.2.3 Methods for reconstruction planning
In the scope of this work computer aided methods for the planning of breast
reconstructions with the free DIEP flap are developed, implemented and
discussed. In the following two different methods that have been proposed
by other research groups are shown as examples for the use of objective and
reproducible planning of breast reconstructions. The first method, proposed
by Tregaskiss et al. [37], relies on conventional planning with ink markers on
the subject, while the second method, which was proposed by Ahcan et al.
[38], uses modern 3-D surface imaging devices and the manufacturing of a
cast to adjust the shape of the transplant flap according to the mirrored
healthy breast. Both approaches are aiming on facilitating the process of
breast reconstruction and on making its planning more objective.
Line measurements on contralateral breast
Delayed breast reconstruction with abdominal flaps is a challenging task for
the operating surgeons, as the donor site is relatively flat and the shape of
the breast mound is much more curved. So far surgeons have to rely on their
experience and their sense of proportion to harvest the flap in sufficient size
and subsequently they trim it to match the desired shape when it is put to
the recipient region. The planning method that is proposed by Tregaskiss
et al. [37] uses a template technique for the preoperative planning of the skin
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Figure 4.5: Visualization of the planning technique that is proposed for breast
reconstruction. Lines are drawn on the healthy breast of the patient and a flat
paper template is constructed according to these distances that may later be laid
on the abdominal donor site.
envelope for the reconstruction. These templates can be designed according
to measurements taken on the contralateral breast. Thus, this procedure is
only applicable to unilateral breast reconstruction surgery.
The necessary lines that need to be measured for this procedure, which are
also visualized in figure 4.5, are the following:
• infill to scar (a)
• scar to point of maximal projection (MP) (b)
• point of maximal projection (MP) to infra-mammary fold (IMF) (c)
• projected length of the scar, divided in a medial (d) and a lateral com-
ponent (e)
• length of the infra-mammary fold (IMF) divided in a medial (f) and a
lateral component (g)
The method in the published form does not involve any modern imaging
technologies such as MRI or 3-D surface scanning. Instead, it is a fully man-
ual procedure that solely relies on ink marker drawings on the breast and
abdomen. This makes the measurements on the curved lines on the breast
cumbersome, error prone and observer dependent. In contrast, computa-
tional methods may be used to calculate lengths on arbitrarily formed curves
exactly and reproducible.
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In the present work an adaptation of this technique is performed that makes
use of modern imaging technology and hence can facilitate the procedure
and may even increase its reliability and accuracy. Creating the template
as proposed in the paper involves manual drawing with pencil and circle
to create the template. That can easily be transformed to an automated
computational procedure as shown in subsection 10.2.1. The results that
have been produced with exemplary applications of the developed algorithm
are summarized in subsection 10.4.1.
Cast based flap planning
Another method that permits planning of unilateral delayed breast recon-
structions has been proposed by Ahcan et al. [38]. These researchers take
advantage of modern imaging technology, similar to the one that is used in
the scope of this work and described in section 6.1. The workflow that is pro-
posed by these authors takes a 3-D surface scan of the breast reconstruction
patient in standing position. The surface data of the healthy breast is mir-
rored and positioned to form the breast shape that needs to be reconstructed.
This 3-D data is used to create a wooden negative form of the breast shape.
With vacuum forming a plastic cast that may be sterilized is formed that
matches the desired shape of the breast. The flap is harvested in a routine
manner intentionally with excessive volume to allow later trimming. The
abdominal flap that has been harvested is then inter-operatively laid in the
manufactured breast replica cast. Due to its soft constitution the flap falls in
the breast shaped bowl and adapts its shape. Then the overlaying parts of
the flap are removed by manual cutting of these parts with surgical scissors.
After the trimming of the flap in the cast it is put in the region of the recip-
ient site and according to the inventors of the method only few additional
trimming will be necessary.
A shortcoming of this procedure is that it focuses on the trimming and is not
optimizing the harvesting procedure at all, leading to an initial flap geometry
that is cut too large in order to be able to reduce its size later when the flap
is placed in the cast and hence to a donor site defect that is bigger than
necessary.
In this work the proposed procedure is adopted and changed in the way that
the whole approach is transformed into an computer algorithm. The scanning
procedure has been computerized in Ahcan et al. [38] and remains unchanged
including the mirroring. However the actual fabrication of the breast replica
cast can be avoided in the presented approach. The flap raising is done
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Figure 4.6: Surface scan of a breast reconstruction patient in standing position
(left), overlaid with the mirrored shape of the healthy breast (middle). Shape of
a virtual cast based on this geometry (right).
virtually based on CTA images of the donor site. The volumetric models
of the flap may be transformed into meshed finite element models and the
laying of the flap in the cast may be simulated in an numerical simulation.
That bears the advantage that the trimming of the flap does not occur in the
operating room but in a preliminary step virtually on the computer. With
an inverse procedure the shape of the flap that needs to be harvested can be
determined and the raising of excessive flap volume may be avoided.
The transformation of the technique into an fully virtual computer appli-
cation is described in subsection 10.2.2 and the corresponding results are
summarized in subsection 10.4.2.
4.3 Anatomy of the physiological human mandible
The mandible is the bone in the facial region that is exposed to the highest
mechanical loads. During mastication the chewing forces are transmitted
while the bone may mechanically be described as a cantilever beam struc-
ture. Its overall geometry is very complex as the bone is curved in all spacial
dimensions. Furthermore, its loading through several muscles that are at-
tached to the mandible as well as its bearing in the temporomandibular
joints make the mandible one of the most complex bones in the human body.
Hence, besides this complexity, the mandible bone is a very interesting and
challenging object for bioengineering research and has been investigated in
numerous studies that applied finite element simulations to it, e.g. [39–45].
The curved, crescent shaped horizontal part of the bone is called the body,
or mandibular corpus, see figure 4.7 for a visualization of that part and the
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Figure 4.7: Visualization of a human mandible. The geometric data comes from a
segmented CT scan.
other relevant bony structures of the mandible. In dentate mandibles the
alveolar crest is a cranial extension that holds the teeth via the periodontal
ligament, i.e. a relatively soft structure of collagen fibers.
The dorsal part, ascending on both sides of the corpus is called mandibu-
lar ramus. At each end of these parts, two processes are present, namely
the coronoid processus (anterior) which is the attachment of the temporal
muscles and the condyloid processus (posterior) that is the head of the tem-
poromandibular joint that relates the mandible to the skull.
The mandibular foramen and the mental foramen are entrance and exit of
the mandibular channel that contains the mental nerve and blood vessels
that supply teeth and chin. In surgery it is essential to preserve the nerves
of this channel to maintain full facial sensation.
The mandibular bone consists at most regions of a stiff outer cortical shell
that bears the majority of the mechanical loads. The inner structure is softer
and consists of a sponge-like trabecular structure. Material properties of both
tissues are listed in subsection 5.2.2.
A comprehensive explanation of the biomechanics of the mandible is given
e.g. by van Eijden [46].
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4.4 Diseases of the mandible and reconstruction techniques
Today, tumor diseases and their treatment represent a key discipline within
the various domains of maxillofacial surgery. The most common reason for
reconstruction surgery of the mandible is due to tumors of the bone or the
surrounding tissue that makes bone removal inevitable. Besides these tumors
there are also defects due to trauma, e.g. shot wounds [47], or inflammation
of teeth that is associated with bone degradations that may lead to defects
of the bone that make reconstruction surgery necessary. This often leaves
a discontinuity defect in the residual mandible with severe entailing func-
tional and aesthetic consequences [48]. Today, microsurgical reconstruction
with autologous bone transplants is the standard therapy for mandibular
defects [49, 50]. In recent years, osteocutaneous free tissue transfer with
titanium plate fixation has become the standard for mandibular reconstruc-
tion. Since these transplantations with their microvascular supply have been
refined, leading to a high rate of reproducibility and success rates approach-
ing 100% [51–53].
The primary goal of mandibular reconstruction is to restore its function for
eating and chewing and to allow comprehensible speech as well as to maintain
a free airway. Furthermore the reconstruction should aim to reestablish the
shape of the face and thus restore the aesthetic appearance of the face to allow
participation in normal routine activities and to improve the quality of life
for these patients [51]. Furthermore, the patient’s dentition and occlusion are
important after reconstruction of the mandible. Restoration of the mandible
has to maintain proper occlusal relationships or provide a structure for dental
implant insertion and of coarse the mechanical stability to withstand the
masticatory forces that are necessary for normal oral function. Especially
the latter requirement can be seen as a challenge from an engineering point
of view, as it is closely linked to similar tasks from classical mechanical or
civil engineering.
4.4.1 Donor regions for autologous bone grafting
There are several donor regions that provide bone and soft tissue transplants,
either with a skin island (as osteocutaneous flaps) or with a muscular compo-
nent (as osteomyocutaneous flaps) [49]. For vascular bone grafts, the tissue is
tethered to a blood vessel that supplies the bone and usually some additional
soft tissue that is transplanted with the bone. These blood vessels need to
be attached with fine sutures to arteries and veins with the microsurgical
technique of the so called anastomosis. The most widely used options for
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Figure 4.8: Schematic drawing of the fibular graft and its use in mandibular re-
construction. Layout inspired by [51].
the bony reconstruction of the mandible are the fibular graft, the iliac crest
transplant and the scapular graft that will be described in the following.
Fibular graft
The vascularized free fibular flap for mandible reconstruction was first de-
scribed by Hidalgo [54, 55] and has been widely used ever since. Due to the
great length of its bony part and the sufficient length of its vascular pedicle,
it can be used to completely reconstruct extensive mandible defects [56].
The fibular flap is the most widely used reconstructive surgery technique for
the mandible, since it offers several advantages such as large supply of trans-
plantable bone (up to 25 cm of bone graft are possible [56]), as well as soft
tissue to be harvested if a myocutaneous version of the flap is used [54, 57],
see also figure 4.8 for a graphical visualization. The vessel pedicle is mostly
long and anatomically reliable, as preoperative MRI-angiography or CT-
angiography examinations can show the vessel situation [58–61]. Further-
more, there is only minor donor site morbidity and no need to reposition the
patient during surgery.
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Figure 4.9: Schematic drawing of the iliac crest graft and its use in mandibular
reconstruction. Layout inspired by [51].
The tube shape of this bone makes it easy to cut and reposition at desired
angles and hence reconstruction of curved shapes such as the mandibular
curve are possible. The suitability especially for extensive bony defects that
exceed half of the mandible has been proven [62–64]. Furthermore up to
two skin paddles can be taken additionally to the bone segment allowing
simultaneous covering of soft tissue defects [54, 62, 64].
Iliac crest graft
In cases of hemi-mandibulectomy or segmental mandibulectomy, the iliac
flap is often thought to be superior to the fibular flap. The natural contour
of iliac crest (especially on the ipsilateral side) resembles the shape of the
hemi-mandible, thus there is sometimes not even the need for an osteotomy
in the transplant for detailed shaping in hemi-mandibulectomy [65–67].
Furthermore, no other donor site can supply as much bone that is suitable
for oral rehabilitation with dental implants [68]. Furthermore, the iliac crest
free flap supplies bone with height comparable to that of the native dentate
mandible, which improves oral competence by supporting the lower lip [69].
Up to 16 cm of bone can be taken from the iliac crest, either as an osseous
or as an osteocutaneous flap with an additional large skin paddle [56]. A
visualization of that donor site is shown in figure 4.9.
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The soft tissue that may be included in the flap has the potential to cover
extended substance defects; it is suitable for both, the replacement of facial
skin and intra-oral mucosa. The flap can also be used for other osseous defects
as of the maxilla or scull base [49]. In addition to the natural curvature of
the iliac crest, the sufficient length of its pedicle, the deep circumflex iliac
vessels, is a further advantages of the iliac flap for jaw reconstruction [66].
The deep circumflex iliac artery (DCIA) as the vascular pedicle of this flap is
reliable and usually of sufficient length for microsurgical anastomosis at the
recipient site. As Sanders and Mayou [70] showed, a corresponding skin layer
supplied by myocutaneous vessels of the DCIA can be harvested additionally
to the bony segment allowing extra- or intraoral reconstruction [49, 70, 71].
Most authors consider the donor site morbidity as minor and even osseoin-
tegrated dental implants can be successfully placed in iliac crest grafts [49,
66, 72].
However, some authors state that the donor site morbidity is a primary
concern related to the use of the iliac donor site [73]. The issues related
to the donor site include the challenge of restoring the abdominal wall to
prevent hernia formation, as well as the rehabilitation required to retrieve
normal gait [51]. However, a critical examination of the donor site in patients
who underwent bone harvest has not supported such claims [74].
Scapular graft
The scapular osteocutaneous free flap is a microsurgical transplant that is
harvested from the lateral scapular crest and which is supplied by the sub-
scapular artery (as shown in figure 4.10).
It is the most versatile osseomyocutaneous flap used for mandibular recon-
struction allowing for replacement of bone and restoring large soft tissue
defects. As in combination with a latissimus dorsi muscle or parascapular
muscle transplantation the flap can be used for the covering of large soft
tissue defects, still supplied by one single pedicle [75]. In literature it is often
discussed for its suitability for extensive composite resection. As it provides
different flaps supplied by the same pedicle, it offers a great diversity of
soft tissues as skin and muscular components making it suitable for defects
involving bony and especially greater soft tissue parts [76–79].
However, in comparison to the fibular flap and the iliac crest flap that were
introduced above, the scapular flap remains the third choice in mandible
reconstruction for many surgeons, such as [78]. This is mainly due to its often
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Figure 4.10: Schematic drawing of the scapular bone graft and the visualization of
the supplying blood vessels. Layout inspired by [51].
insufficient mechanical stability, as it often offers only a thin layer of bone
that is not strong enough to bear the masticatory loads. Other shortcomings
of this type of transplant are relatively great donor site defects including
decreased range of motion of the shoulder [51]. A further disadvantage is the
location of the donor site which prohibits simultaneous harvest of the flap
and tumor removal [68]. Additionally, the shape variability of this particular
transplant is higher than in other bone graft leading to more scattering in
the biomechanical properties of the transplant.
In order to investigate the biomechanical competence of all three of the above
mentioned transplants, a series of biomechanical experiments has been con-
ducted in the scope of this work with human bone specimen. These experi-
ments are summarized in chapter 12.
Calvarial bone grafting
For the reconstruction of flat bone shapes the best suited donor region is
the calvarial bone, i.e. the shell of the skull. However, it may not be used
to reconstruct the whole mandible as the thin layers of the skull bone may
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not bear the entire loads that act on the mandible during the mastication
process. Instead, the calvarial graft is used for reconstruction surgery to
replace different flat bones of the mid-face that are less stressed by mechanical
loads, such as the maxilla [80], the zygomatic arch [81] or orbital walls [80, 82,
83]. In this work an application of calvarial bone graft for the reconstruction
of an orbital floor is shown, where the harvesting site has been chosen with the
aid of a computer based approach. The approach is described in chapter 13
and accompanied by a corresponding case report.
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This chapter is divided into two main sections. The first one is giving a
brief overview of the mechanical theory that lies behind the material model-
ing. The second section is dealing with the distinct modeling of the relevant
biological tissues, i.e. the breast and the mandibular bone. There, compre-
hensive surveys of corresponding literature for the two different regions of
interest of the different medical disciplines are given.
5.1 Theoretical material formulations
In a very general form the work that is necessary for the mechanical defor-
mation of a body of volume V may be expressed as the stress power W in
the term
W = D +
∫
V
Ψ˙ dV
where D is a dissipative term, e.g. heat production. In case of fully reversible
elastic deformations, no dissipation (or loss of energy) is present and the
material may be called hyperelastic or Green elastic. Then, all work that is
needed to deform a body is conserved and Ψ is the elastic potential and may
be seen as the stored energy within the deformed body.
The stress power may be expressed in different formulations depending on
the deformation of the body, e.g. for the present (deformed) configuration:
W =
∫
V
(σ : d) dV
In this equation σ is the Cauchy stress tensor and d is the rate of deforma-
tion tensor, which are both expressed in the material coordinate system.
Another possible formulation for the stress power is in terms of the unde-
formed reference configuration
W =
∫
V0
(S : E˙) dV0
where S is the second Piola-Kirchhoff stress tensor and E is the Green-
Lagrangian strain tensor that may be expressed as
E = 12(C− I)
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, while C is the right Cauchy-Green deformation tensor that may be phrased
in terms of the deformation gradient F in the form C = FTF. The second
Piola-Kirchhoff stress tensor may be formulated in terms of the deformation
gradient as well as
S = J F−1σF−T
with the Jacobian determinant J = det F.
The elastic potential Ψ may be written in different formulations depending
on the right Cauchy-Green deformation tensor C:
Ψ = Ψ˜(IC, IIC, IIIC) = Ψ(λ1, λ2, λ3) = Ψˆ(trC, trC2, trC3)
The first notation uses the strain invariants that may be further decomposed
to:
IC = trC = λ21 + λ22 + λ23
IIC =
1
2(trC
2 − trC2)) = λ21λ22 + λ22λ23 + λ21λ23
IIIC = detC = λ21λ22λ23
where λi are the three principal stretch ratios (defined as λ = `L , where ` is
the deformed length and L is the undeformed length in the corresponding
directions).
These strain invariants are important for the formulation of strain energy
density functions that govern the material behavior. The physical meaning
of the third invariant IIIC is that it is associated with the compressibility of
the material. For fully incompressible materials IIIC ≡ 1, i.e. no change in
volume due to mechanical loading is possible.
5.1.1 Finite strain theory and hyperelasticity
For large deformations, the so called finite strain theory has to be applied,
where stresses and strains are in a non-linear relation to each other. This
theory in continuum mechanics deals with deformations in which both ro-
tations and strains may be arbitrarily large. This allows for the theoretical
modeling of large deformations of soft tissues by taking into account the co-
ordinate system changes that are inevitable during progressive loading. In
the concrete application for biological materials, there are numerous tissues
such as adipose, glandular and muscle tissues, which are commonly summa-
rized as soft tissues, that undergo large deformations even under moderate
loading conditions and hence need to be modeled as hyperelastic materials.
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There is a great variety of different material models that has been intro-
duced to describe the constitutive behavior of hyperelastic materials, see e.g.
Holzapfel [84]. In this part of the present work only two rather simple, yet
still very widely used material models are described in the following as these
are the predominantly used materials in contemporary biomechanical sim-
ulation of soft tissues. The first one is the Neo-Hookean formulation, the
second is called the Mooney-Rivlin material. For more advanced approaches
the reader is referred to e.g. Holzapfel [84] for the general theory, to Fung
[85] for specialized applications to living tissues and to Itskov [86] for a com-
prehensive overview of the complex tensor algebra in continuum mechanics.
Neo-Hookean material
The Neo-Hookean model is a theoretical hyperelastic material model that
is a fairly simple extension of the linear Hookean law. It may be used to
predict the non-linear stress-strain behavior of materials that undergoing
large deformations. The Neo-Hookean model is based on the statistical ther-
modynamics of cross-linked polymer chains and is thus applicable for the
simulation of rubber materials and biological tissues that withstand high de-
formations.
The strain energy density function for an incompressible Neo-Hookean ma-
terial is given as
Ψ = c1(λ21 + λ22 + λ23 − 3) = c1(IC − 3)
where c1 is a material constant that depends on the initial shear modulus
µ via the equation c1 = µ2 and IC is the first strain invariant of the right
Cauchy-Green deformation tensor.
For compressible materials the strain energy density function extends to:
Ψ = c1(IC − 3) + 3.5κ (III1/6C − 1)2
where κ is the initial bulk modulus.
Mooney-Rivlin material
The polynomial formulation, also called Mooney-Rivlin material formulation,
goes back to Mooney [87] and Rivlin [88], who where the first to propose this
formulation which is today widely used in modeling of constitutive behaviors
of highly deformable materials such as rubber and several biological soft
tissues.
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In the most common version of the material law that uses two parameters,
the strain energy density function under the assumption of incompressibility
may be formulated as:
Ψ = c1(IC − 3) + c2(IIC − 3)
where IC and IIC are the first and second invariants of the right Cauchy-
Green deformation tensor, respectively.
For compressible material formulations, the corresponding strain energy den-
sity function can be written similarly:
Ψ = c1(IC − 3) + c2(IIC − 3),
with two substitutions that take the compression of the material into account
via the third strain invariant IIIC:
IC = III−2/3C IC
IIC = III−4/3C IIC
In the special case of c2 = 0 the Mooney-Rivlin material formulation is re-
duced to the Neo-Hookean model described previously. Hence, the Neo-
Hookean material formulation may be regarded as a special case of the
Mooney-Rivlin material model.
5.1.2 Infinitesimal strain theory
Above, there was no restriction in magnitude of deformation. However, if the
examined materials undergo only small deformations, also called infinitesi-
mal deformations, the strain tensor may be linearized. This assumption is
usually taken for hard tissues such as bone that shows brittle failure at small
strains. Within that assumption the Green-Lagrange strain tensor E may be
simplified to the infinitesimal strain tensor, or Cauchy strain tensor ε that is
defined as
ε = 12(H+H
T )
where H is the gradient of the displacement vector u given as:
H = Gradu = F− I
In infinitesimal strain theory the stresses may be expressed in the Cauchy
stress tensor σ and hence the relation between stress and strain can written
for linear elastic materials that obey the Hookean law as
ε = −cσ
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In this formula c, referred to as the elasticity tensor, is a forth-order tensor
as it maps between two second-order tensors ε and σ. In a component wise
formulation this generalized Hookean law may be written as:
σi j = −ci j k `εk `
with the use of Einstein’s summation convention.
For the assumption of isotropy (i.e. no direction dependency of the material
behavior), the stress-strain relation may be reduced and written in the form:
ε11
ε22
ε33
ε23
ε13
ε12

=

1
E
− ν
E
− ν
E
0 0 0
− ν
E
1
E
− ν
E
0 0 0
− ν
E
− ν
E
1
E
0 0 0
0 0 0 12G 0 0
0 0 0 0 12G 0
0 0 0 0 0 12G


σ11
σ22
σ33
σ23
σ13
σ12

where E is the Young’s modulus, ν is the Poisson’s ratio and G is the shear
modulus that can be calculated from the first two by
G = E2(1 + ν)
The bulk modulus κ is a measure of resistance of a material to volume change
and may be written in the form
κ = E3(1− 2ν)
For hardly compressible materials the bulk modulus is large in comparison
to the other stiffness constants, i.e. the case when the value of ν approaches
towards 0.5.
5.1.3 Anisotropy
Direction dependency of material behaviors is called anisotropy. In biological
tissues the anisotropy is governed by the orientation of microscopic fibers and
protein chains, such as collagen. For different tissues in the human body the
degrees of material anisotropy are differently pronounced. Especially bone
tissue with its internal trabecular structure shows a high degree of anisotropy
that has been investigated in several studies [89, 90].
The most general degree of anisotropy that was applied for bone is that of
orthotropic material symmetry, as fully anisotropic material models for bone
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have not been applied in bone simulations so far. The constitutive equation
of orthotropic materials can be written as:

σ11
σ22
σ33
σ23
σ13
σ12

=

c11 c12 c13 0 0 0
c12 c22 c23 0 0 0
c13 c23 c33 0 0 0
0 0 0 c44 0 0
0 0 0 0 c55 0
0 0 0 0 0 c66


ε11
ε22
ε33
2ε23
2ε13
2ε12

where σij represents a component of stress, εij represents a component of
strain, and cij represents a component in the matrix of elastic coefficients.
An alternative way of expressing the relationship between stress and strain is
through a matrix of elastic material constants. For an orthotropic material,
that relationship may then be formulated as:

ε11
ε22
ε33
2ε23
2ε13
2ε12

=

1
E1
−ν21
E2
−ν31
E3
0 0 0
−ν12
E1
1
E2
−ν32
E3
0 0 0
−ν13
E1
−ν23
E2
1
E3
0 0 0
0 0 0 1
G23
0 0
0 0 0 0 1
G13
0
0 0 0 0 0 1
G12


σ11
σ22
σ33
σ23
σ13
σ12

In some works bone is modeled as transversely isotropic, i.e. the constitutive
behavior of the material is equal in two out of three directions [91]. For a
transversely isotropic material, the following equalities may be used c11 = c22,
c44 = c55, c13 = c23 and c66 = (c11 − c12)/2. Hence, a transversely isotropic
material requires only five independent elastic coefficients instead of nine for
the orthotropic material.
These anisotropic terms are limited to small deformations which is an appro-
priate formulation for bone as it is characterized by brittle failure at small
strains. For other biological tissues in contrast, large deformations have to
be considered and hence the definition of appropriate anisotropic material
laws is more complex and is a current field of research. One very important
mathematical condition for the applicability of such material laws is polycon-
vexity. A material formulation that satisfies this condition, was proposed by
Itskov et al. [92] and validated with experiments on bovine pericardium and
rabbit skin and could show good agreement with the experimental data. Fur-
ther applications of this anisotropic formulation have shown to be valid for
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the simulation of blood vessels (coronary arteries and abdominal aorta) [93],
mouse skin [94], porcine skin [95] and skeletal muscles [96].
In the soft tissues of the breast, e.g. fat or glandular tissues, there is few
dependency on defined specific fiber directions. Hence, only one study is
known so far that takes into account the anisotropic effects for the simula-
tion of mechanical deformation of the breast [97]. In contrast to the inner
breast tissue that has no pronounced anisotropic behavior, the skin has no-
table anisotropic properties. Not only that its properties are highly different
between the normal and tangential direction as it is a mainly two dimensional
organ, its properties in different tangential directions are also varying. These
are the so called skin tension lines or Langer’s lines which indicate the main
direction of wrinkles. Recently, studies have been conducted to implement
the above mentioned polyconvex material formulation for the simulation of
the breast under consideration of the anisotropic constitution of the skin [16–
18]. A high degree of anisotropy can be seen in the (active) fibers of muscle
tissue [96], however until now, no anisotropic active muscle simulations have
been conducted in combination with soft tissue simulations of the breast area.
5.2 Material parameters of biological tissues
This section addresses the application of the previously described theoreti-
cal material formulations for the modeling of living biological tissues. Two
fundamentally different groups of material are descried in this section.
The first one is the group of soft tissues, as they are of high relevance in plastic
surgery. Those materials undergo high deformations even under moderate,
physiological loading conditions and hence they need to be modeled with
hyperelastic materials. As the following section focuses on the theoretical
modeling of the fat tissue of the breast, it gives an overview of the hyperelastic
material models that have been used in various publications to model that
tissue and the corresponding material parameters are listed.
The second group of biological tissues that is treated in this section is the
bone tissue. In contrast to the above mentioned soft tissue, bone does not
withstand high deformations and is characterized by brittle failure instead
and a linear stress-strain relationship is commonly regarded as sufficiently
accurate. However, bone is an inhomogeneous and anisotropic material, as
most human bones have a directed internal structure that causes different
material properties of that tissues in different spacial directions.
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5.2.1 Constitutive modeling of the soft tissue of the breast
The modeling of human soft tissue is a challenging task that has been subject
of interest for various researchers in past decades. For the simulation of me-
chanical deformation in a variety of applications, mainly in medicine but also
in related scientific fields such as sports engineering, ergonomics or garment
industries, it is necessary to have sufficient knowledge about the constitutive
behavior of the soft tissues of the human body. Besides the capturing of
the real geometry of the relevant anatomical part, that can be acquired in
a satisfying way with modern imaging techniques, see also section 6.2, the
acquisition of valid theoretical models for this type of tissues is still a task of
current scientific interest.
Various research on human soft tissues has been undertaken in the recent
years, however, the overview in this chapter is limited to the soft tissue of
the female breast. As the breast is an inhomogeneous tissue that consists of
several different anatomical compartments, e.g. adipose (fatty) tissues, skin
and fibroglandular tissue (see also section 4.1), the modeling of these com-
partments and their mechanical interactions is a very complex issue. Hence,
in the present work the focus concerning material models and the respective
parameters was set to adipose tissue, the modeling of other tissues such as
the fibroglandular tissue is not described here due to restrictions in space.
Hence, in the following a comprehensive overview of past research in the
modeling of fat tissue of the breast and the acquisition of valid constitutive
parameters is given.
Due to the importance of the topic it is not surprising, that in the past,
there have been numerous different approaches in research to determine the
mechanical parameters of the soft tissue of the breast.
Some research groups treat the breast as consisting of one homogeneous
material while others divide it into two compartments, i.e. adipose and glan-
dular tissue or even consider malignant changes such as breast cancer. In
cases where the breast is treated to be homogeneous these material values
are listed here. When publications that give several values for the different
compartments of the breast tissue are referred, only the ones that correspond
to the adipose tissue are adopted in this work. As the methods of assess-
ment of material parameters of the breast tissue include numerous different
approaches, in the following the publications are grouped according to the
experimental method that has been used to assess these material parameters.
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Mechanical tests on ex vivo specimens
The fist approaches of assessing material properties of the breast that is
shown here is the use of ex vivo experiments on tissue specimens. The testing
devices that have been used for these approaches originate from classical
engineering and are adapted to experiments on soft biological tissues. The
mechanical tests can be further divided in different groups, namely uniaxial
tensile tests, biaxial tensile tests and indentation or compression tests. The
latter is most commonly used because of the ease in applicability of the test
to the very compliant soft tissue that has only few resistance to tension and
is difficult to attach in tensile testing devices.
Wellman et al. [98] were the first to use indentation tests with small tissue
specimens to acquire material parameters. The experimental data was then
fitted with parameters of an exponential material formulation to match the
investigated material behavior [98, 99].
These compression test results were later frequently used by other researchers,
e.g. by Azar et al. [100] who fitted these experimental curves with an expo-
nential material model [31, 101–103].
Samani et al. [104] derived from their work with the use of a combination of
indentation tests and optimization with finite element simulations the con-
stitutive parameters for fat as well as for glandular tissue, while a polynomial
approach was used to model the material behavior. Later, the same group
used an indentation test with at strain up to 10 % to acquire material pa-
rameters for a 5 parameter Mooney-Rivlin material formulation [105]. These
strains, however, are relatively small and hyperelastic effects may not be as
pronounced as in higher deformations. In a further publication, Samani et al.
[106] proposed a linear elastic material model to represent the adipose tissue
of the breast.
All of these ex vivo tests have in common the inherent disadvantage that
the tissue needs to be harvested, so the applicability of this approach for
simulations at the stage of operation planning is limited, because a surgical
intervention has to be performed to acquire patient individual material pa-
rameters. Furthermore, the changes that every tissue undergoes when it is
taken out of its natural environment and put into laboratory conditions may
not be negligible. Usually, the tissue specimens are kept in a saline solution
to simulate in vivo conditions, but the changes in soft tissue behavior have
to be investigated very accurately to be able to draw valid information from
this group of publications.
In contrast to that, all the approaches that are described in the following
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show techniques to acquire material parameter in vivo, i.e. without surgical
harvesting of tissue specimens.
Elastography
Another method to measure soft tissue material parameters is the use of elas-
tography, while there are two different variations of that technique, namely
MRI elastography and ultrasonic elastography. An overview on this tech-
nique to acquire constitutive parameters of the soft tissue of the female breast
is given by van Houten et al. [107]. The values for the Young’s modulus of
fat tissues that were found with this method by different research groups are
highly variable: the smallest values reported are 0.5 kPa [108] ranging up
to highest values of 50 kPa [109], showing a variation of two whole magni-
tudes and several values in between those extremes [110–113]. Furthermore,
even viscoelastic properties, i.e. time depending material properties, may be
investigated with MRI elastography [103, 108, 114].
Rzymski et al. [112] used shear wave elastography to find stiffness values of
fat tissue of the breast, which are lying within the range of MRI elastogra-
phy data. Interestingly, with their relatively large test person collective of
101 volunteers they could investigate no significant correlation of fat tissue
material properties with the test person age, however duration of lactation
showed to have a significant influence. However, according to their findings
the seemingly obvious correlation of age with the overall breast stiffness is
mainly caused by the fibroglandular tissue, that has significantly age depend-
ing properties. Fibroglandular tissues were found to be slightly stiffer over
all, with E = 11.28 ± 5.79 kPa in comparison to 9.24 ± 4.48 kPa for the
stiffness of the fatty tissue.
For an overview on the material parameters that have been acquired with
different elastography measurements, see table 5.1, where the linear elastic
stiffness values are listed.
However, shortcomings of this measurement technique are that the tissues
cannot be stretched to high deformations during the acquisition. Hence,
only the initial material parameters may be assessed with these methods
directly. However, there is the possibility of using prestressed tissue samples,
as Krouskop et al. [110] used two different compression levels with 5% and
20%. But still it remains a challenging task to fit hyperelastic material models
to data that has been produced with elastography measurements.
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Table 5.1: Material models that have been found by elastography measurements,
see also van Houten et al. [107].
Publication Young’s modulus (kPa)
Sinkus et al. [108] 0.5 to 1
Sarvazyan et al. [113] 1
Sarvazyan et al. [109] 5 to 50
Krouskop et al. [110] (5% compression) 18± 7 to 22± 12
Krouskop et al. [110] (20% compression) 20± 8 to 24± 6
Kruse et al. [111] 15 to 25
Rzymski et al. [112] 9.24± 4.48 kPa
Numerical simulation - displacement boundary conditions
An often used approach to apply mechanical loads on the breast in vivo, is
the use of conventional mammography plates [28, 115, 116]. Due to their
relatively high stiffness compared to the soft tissue of the breast they are
usually modeled to be completely rigid, thus they may be implemented as
displacement boundary conditions in finite element simulations. This ap-
proach is convenient, because it allows a simple integration of the material
parameter assessment into the clinical practice where radiologists have to
locate the suspect lesions with the breast compressed by rigid plates.
Tanner et al. [28, 117], for example performed a comprehensive study where
several of the above mentioned experimentally acquired material parame-
ters have been applied to a finite element simulation model. That approach
allowed for a first comparison of the material parameters that have been
published so far in literature.
Combinations of mammography imaging of compressed breast and MR imag-
ing with breasts deformed solely by gravity are used by other researchers, e.g.
[29–31]. For example, Ruiter et al. [29] use a finite element model to register
volumetric MRI data with X-ray mammograms and different theoretical ma-
terial models. These methods use either finite element simulation or different
approaches from imaging technology, such a non-rigid registration [26], to fit
data that has be acquired in different imaging modalities.
However, due to the stiffness of the mammography plates and the high com-
pliance of the breast tissue, very different material parameters may lead to
comparable deformation when only rigid displacement boundary conditions
and no additional force boundary conditions are applied. The same is true if
instead of mammography plates as rigid displacement boundary conditions
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implant insertion is modeled as a prescribed displacement [102, 118]. Even
for a very extreme variation in stiffness of a Young’s modulus between 1.7
kPa and 500 kPa (i.e. a factor of almost 300) the difference in resulting de-
formations were found to be negligible [102]. Thus, this group of approaches
is limited in its ability to judge the validity of a specific material parameter
set.
Numerical simulation - gravity approaches
Finally, a group of numerical approaches that relies solely on gravity defor-
mation to assess the material parameters of breast tissue has been proposed
by different research groups.
Roose et al. [118] use a mass-tensor approach instead of the more frequently
used finite element approach, because they claim that for their applications
in breast augmentation planning the accuracy provided by finite element
simulations is not necessary. A linear material model was used in this work
based on [27, 102]. The validation was a comparison of simulations to post
operative outcome in breast augmentation patients. However, other simi-
lar approaches do not need actual surgical interventions to access material
parameters. These methods rely on other sources of the deformation of the
breast, mainly due to gravity effects alone. All of these methods have in com-
mon that so far only homogeneous soft tissue descriptions where used. In
none of these works a distinction between fat and glandular tissue has been
made, however, that is only a simplification and not a general limitation of
these methods.
In two publication, Spanish researchers used such a method to acquire mate-
rial parameters of the breast [9, 10]. In Perez Del Palomar et al. [9], CT-scans
in prone position were used to get the internal volumetric geometry of the
breast and to derive a simulation model on this basis that later can be com-
pared to the real surface scan taken with the patients in upright standing
position. The authors found the breast properties for the Neo-Hookean model
that they used to be c1 = 3.9 kPa and c1 = 8.4 kPa in two volunteers, re-
spectively. This was accomplished with a variation of homogeneous material
parameters between c1 = 3.0 kPa and 12.0 kPa, that was interpreted as fat
and glandular tissue behaviors. In a later work of the same group, Lapuebla-
Ferri et al. [10] used a value of c1 = 0.54 kPa, based on [106] in combination
with a similar approach.
For simulations that use gravity loading as mechanical boundary condition,
it is very important to be aware of the fact that the breast’s geometry is not
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known in its undeformed configuration, neither in upright nor in prone posi-
tion. The possibility of using buoyancy in water to come near an undeformed
configuration has not been undertaken in this field of research so far, though
it seems generally possible.
Hence, in [9, 10] the undeformed configuration is approximated with a one
step method that applies inverse gravity on the model derived from prone
CT scanned data. However, the validity of this approach remains uncertain
as there is an inherent error that is made when a loaded configuration is
treated as an unloaded reference state in a mechanical calculation.
A more sophisticated approach is proposed by Rajagopal et al. [7], who used
an inverse mechanical approach that is capable of estimating the undeformed
geometry of the breast in a similar setting [7, 8, 119, 120]. In a study with
that method on two healthy volunteers they found the parameter of the Neo-
Hookean model that fits best the observed deformations to be 0.08 kPa and
0.13 kPa, respectively.
The approach which was followed in the study in chapter 8 of the present work
makes also use of the latter methodology, though with a modified algorithm.
The theoretical framework and the implementation of the developed inverse
algorithm is described in section 7.1.
Comparison of material parameters
An overview of all the material parameters proposed in the above mentioned
literature sources is given in table 5.2.
Furthermore, in figure 5.1 a graphical representation of the constitutive be-
havior of a selected group out of these material models that have been pub-
lished by different groups is depicted. Within these models there is a huge
variation in stiffness, as between the softest and the stiffest investigated ma-
terial there is a difference as high as 247 %. Due to the non-linear material
behavior, this value is only valid for one particular strain, here, an engineer-
ing strain of 100 % at uniaxial tension that has been used in this example
simulation. Even though this is a fairly extreme loading scenario, the differ-
ence is far more than may be explained with inter-individual variations in
soft tissue constitution. Hence, further research is inevitable to find at least
reliable magnitudes of soft tissue parameters that may be used for mechani-
cal breast simulations with numerical methods. In order to address that task
an algorithm has been developed in the scope of this work that is capable
of calculating the undeformed reference state based on a known deformed
stated under gravity loading. The implementation of that method is shown
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Table 5.2: Material models that have been used in different publications
publication experimental method or
literature source
theoretical material formula-
tion
parameter sets
Krouskop et al. [110] elastography (piecewise) linear elastic 18 to 24 kPa
Wellman et al. [98] indentation test exponential hyperelastic σn = 602.7(e7.4n − 1)
Azar et al. [100, 121] Wellman [99], Wellman
and Howe [122]
exponential hyperelastic E = 4.46kN/m2e˙7.4n
Samani et al. [104] indentation test polynomial elastic E = 0.5197ε2 + 0.0024ε +
0.0049
Tanner et al. [117]
MM1
Sarvazyan et al. [113] linear elastic E = 1kPa
Tanner et al. [117]
MM2
Sarvazyan et al. [113],
Schnabel et al. [123], Park
[124]
linear elastic E = 1 kPa and skin with
E = 88 kPa
Tanner et al. [117]
MM3
MM2 with different
Young’s modulus
linear elastic E = 10 kPa
Tanner et al. [117]
MM4
Wellman et al. [98], Azar
et al. [100]
exponential E = 4.46kN/m2e˙7.4n
Tanner et al. [117]
MM5
Samani et al. [104] 3rd order polynomial E = 0.5197ε2 + 0.0024ε +
0.0049
Samani and Plewes
[105]
indentation test 5 param. Mooney-Rivlin c10 = 0.31kPa
c01 = 0.3 kPa
c20 = 3.8 kPa
c11 = 2.25 kPa
c02 = 4.72 kPa
Bakić [125] elastography linear elastic E = 48 kPa
Tanner et al. [28]
(MM1nH)
Sarvazyan et al. [113] hyperelastic Neo-Hookean c10 = 0.13 kPa
Tanner et al. [28]
(MM7nH)
Azar et al. [121] hyperelastic Neo-Hookean c10 = 19.8 kPa
Tanner et al. [28]
(MM7MR)
Azar et al. [121] hyperelastic Mooney-Rivlin c10 = 46.42 kPa
c01 = −31.77 kPa
c20 = 37.07 kPa
c11 = 1.96 kPa
c02 = 1.51 kPa
Tanner et al. [28]
(MM8nH)
Krouskop et al. [110] hyperelastic Neo-Hookean c10 = 2.4 kPa
Tanner et al. [28]
(MM8MR)
Krouskop et al. [110] hyperelastic Mooney-Rivlin c10 = 5.83 kPa
c01 = −3.14 kPa
c20 = 0.9 kPa
c11 = 0.64 kPa
c02 = 0.08 kPa
Tanner et al. [28]
(MM9nH)
Samani et al. [104] hyperelastic Neo-Hookean c10 = 3.6 kPa
Tanner et al. [28]
(MM9MR)
Samani et al. [104] hyperelastic Mooney-Rivlin c10 = 10.0 kPa
c01 = −7.14 kPa
c20 = 3.12 kPa
c11 = 1.82 kPa
c02 = 2.07 kPa
Samani et al. [106] indentation test linear elastic E = 3.25 kPa
Roose et al. [102] several sources linear elastic E = 1.7 kPa to 500 kPa
Roose et al. [118] Bakić [125] linear elastic E = 48 kPa
Kellner et al. [126] Tanner et al. [127] and
Sarvazyan et al. [113]
linear elastic E = 1 kPa
Rajagopal et al. [7] in vivo numerical simula-
tion
neo-Hookean c1 = 0.08 kPa and
c1 = 0.13 kPa
Perez Del Palomar
et al. [9]
in vivo numerical simula-
tion
neo-Hookean c1 = 3 kPa to 12 kPa
Lapuebla-Ferri et al.
[10]
Samani et al. [106] neo-Hookean c1 = 0.54 kPa
Stewart et al. [31] Wellman et al. [98] neo-Hookean c1 = 1.1 kPa
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Figure 5.1: Comparison of different material models proposed in literature at 100 %
uniaxial strain (expressed in engineering strain). The material models are ordered
by the year of the corresponding initial publication.
in section 7.1, while several applications are demonstrated in chapter 8.
5.2.2 Modeling of human bone tissue
In this subsection the mechanical properties of human bone are described
with an emphasis on its theoretical modeling for the use in numerical simu-
lations.
The deformation of bone tissue is in the range of small strains, hence no hy-
perelastic material formulations are necessary and the assumption of linear
strain-displacement relationships may be made [85]. However, this relation-
ship is anisotropic, i.e. direction dependent.
From a technical point of view bone can be seen as a composite material that
consists of a very stiff hydroxyapatite compartment (the Young’s modulus
of fluorapatite is about 165 GPa [85]) and a much softer collagen fiber part
(collagen cannot be represented exactly with the Hookean law but has a
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tangent modulus of about 1.24 GPa [85]). The Young’s modulus of human
cortical bone is in between these two values, depending on the local bone
mineral density. As it is typical for good composite materials, the strength
of the bone is higher than that of the single composites, as the soft material
prevents the stiffer one from brittle cracking and the stiffer material provides
additional stability to save the soft material from yielding.
Bone growth and remodeling
Bone is a living organ than undergoes persistent morphological changes: Ac-
cording to the load that act on the bone the internal structure remodels to
a certain extent. The first one to show this mechanical adaptation of bone
tissue was Wolff [128, 129] in the 19th century. In his research, Julius Wolff
was supported by famous contemporary engineers, like Karl Culmann and
Christian Otto Mohr, who contributed with graphical mechanical approaches
to Wolff’s theory. With that early example of interdisciplinary biomechani-
cal research, the similarities between the orientation of the inner trabecular
structure of the bone and the stress trajectories that result from physio-
logical loading of the bone could be shown. In the following decades, the
theory was further refined by Pauwels [130, 131] (a physician, who practiced
in Aachen, where the present work was elaborated) and Cowin in the 1970’s
[89, 132–135]. And even further theoretical models incorporating anisotropic
material parameters in the remodeling process have been proposed [136]. It
has theoretically been shown that if bone is modeled as an isotropic material,
errors of up to 45 degrees in orientation of the axes of principal stresses can
follow [42, 137].
Focusing especially on the human mandible the following assumptions can
be made: linear elastic equations may be used to describe the deformation
behavior of the bone [135, 138] and the cortical bone of the mandible has a
high degree of direction dependency [43, 139–141]. Giesen et al. [142] found
also that especially the trabecular bone of the condylar region of the mandible
is anisotropic.
The inhomogeneous properties of bone tissue could be shown by various
studies, e.g. [137, 143]. It is assumed that there is a direct correlation between
material parameters and bone density that can be acquired via computed
tomography (section 6.2.2) as apparent density. Focusing on the mandibular
bone, Rho et al. [144] found the relations between apparent density and
mechanical properties of the bone tissue to be E1 = −13.05 + 0.013 ρ and
E3 = −23.93 + 0.024 ρ in axial and transverse direction with correlation of
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Table 5.3: Anisotropic material parameters for the mandibular bone that have
been found in different publications. Note that Giesen et al. [142] investigated
trabecular bone in contrast to the other studies that examined cortical bone.
publication E1 in GPa E2 in GPa E3 in GPa
Ashman and Buskirk [91] 10.8 13.3 19.4
Dechow et al. [141] 11.3± 2.4 13.8± 2.8 19.4± 4.0
Schwartz-Dabney and
Dechow [139]
12.7± 1.8 17.9± 2.5 22.8± 5.4
Giesen et al. [142] 0.127± 0.092 E2 = E1 0.431± 0.217
r = 0.54 and r = 0.37, respectively.
Using a numerical approach, Perez et al. [145] performed a study based on CT
data of healthy femoral, tibial and mandibular bone specimens to calculate
the inhomogeneous material properties. The paper demonstrates that best
accordance was seen in the long bones, but no satisfying correlation could
be found for the mandible bone in that experiment. Most likely that is due
to the difficult definition of standardized mechanical boundary conditions
with the complex distribution of masticatory forces, distributed attachments
of muscles [146, 147] and the difficult modeling of the cartilage tissue at
the temporomandibular joints [148, 149]. Hence, further work on this topic
is required to develop simulation models that yield satisfying accordance
between calculated stresses and measured bone densities.
Furthermore, numerical approaches to acquire the principal directions for the
anisotropic material behavior have been published [44, 150, 151].
Material properties of mandibular bone
There are many studies that provide material properties of human bone tis-
sue derived from experiments with a variety of different experimental de-
vices. However, the most comprehensive data base is provided for the femur,
e.g. [152, 153], as this bone is of high clinical interest because hip and knee
replacement surgeries are relatively common operations. The data that is
available for the human mandible in contrast is rather limited, as fewer stud-
ies provide data for this particular bone. Hence, a listing of all accessible
data for the mandible may be given in the following.
Ashman and Buskirk [91] used the method of continuous wave technique, as
introduced in [152] to assess the material properties of the human mandible
section based on a study with 10 mandible specimen. The harvested specimen
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with a size of roughly 3× 5× 5 mm were taken from the mandibular corpus
at buccal, lingual and caudal sides of the cortical shell and the obtained
orthotropic elasticity parameters were E1 = 10.8 GPa, E2 = 13.3 GPa and
E3 = 19.4 GPa. As an anisotropic material has been used, there are six
different values for the Poisson’s ratio ν, that have been found to lie in a
range of 0.264 to 0.454.
Based on a mechanical experiments with bone specimens of 17 human man-
dibles from body donors, Dechow et al. [141] found the anisotropic elastic
properties of lateral mandible corpus to be E1 = 11.3± 2.4 GPa, E2 = 13.8±
2.8 GPa and E3 = 19.4± 4.0 GPa in the three different spacial directions.
Giesen et al. [142] found that the properties of trabecular bone in the condylar
region to be much softer with 431± 217 MPa in axial direction and 127± 92
MPa in transverse direction, respectively. The correlations between appar-
ent bone density were found to be Ea = 4217 · ρ2.25 in axial direction and
Et = 2786 · ρ3.22 in transverse direction. Hence, there is a remarkable differ-
ence in the mechanical properties of the mandibles trabecular and cortical
bone parts.
Schwartz-Dabney and Dechow [139] performed the largest experimental mea-
surement of inhomogeneous and anisotropic material properties of the human
mandible. The study involved 10 mandibles that were divided into 60 spec-
imens yielding a collective of 600 experiments that have been conducted in
that survey. The overall mean elastic moduli of all these 600 specimens
were E1 = 12.7± 1.8 GPa, E2 = 17.9± 2.5 GPa and E3 = 22.8± 5.4 GPa.
Besides the referenced elastic properties also the directions of maximum stiff-
ness, the cortical thickness and the bone density were evaluated in that ex-
traordinarily comprehensive study.
Table 5.3 shows an overview of the anisotropic material parameters that have
been found by these four publications. The three references that deal with
cortical bone of the mandible are in relatively good accordance to each other
as both the variability in the axial and the transversal Young’s moduli are
surprisingly small, when it is recalled that human material is used that always
underlies certain variations between different persons.
Part III
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6 Utilized experimental devices
For the simulation of biomechanical task in medicine it is evident to have
suitable experimental devices. In this chapter first the imaging modalities
to acquire the individual anatomy of patients or volunteer test persons that
were used in the scope of this work are shown. Furthermore, the devices that
were utilized for the biomechanical experiments are described.
There are numerous imaging modalities that are capable of capturing the
geometry of relevant anatomical compartments. In this work these imag-
ing techniques are divided in two groups. The first one is the 3-D surface
scanning. These techniques have in common that they can only acquire
geometrical assets that are openly visible to the device. Hence, for the ap-
plication in medicine that means that geometries can only be accessed at
skin level. The other group of imaging techniques is capable of accessing
the inner anatomy as well. These methods are summarized as volumetric
imaging modalities and in the current work three of them have been utilized
and hence are described in the following. Advantages and shortcomings of
these methods are highlighted in this chapter.
6.1 3-D surface scanning
The post-operative outcome of breast surgery with respect to symmetry is
typically evaluated in standing position. However it is not yet common prac-
tice in clinical routine to use upright MRI systems due to its cost and the
more difficult stable positioning of the patients. Usually in hospitals there
are only MRI tube systems available that permit the image acquisition for
patients in lying position. So the data for the internal anatomical struc-
ture is available either in prone or in supine positions. Three-dimensional
surface scanning systems in contrast allow a variety of different positions of
the patient including standing upright. Thus, these techniques permit an
indispensable advantage for the presented studies.
In that scope three different surface scanning modalities were used that are
described subsequently. Shortcomings of all of these 3-D surface imaging
techniques are that they are only capable of acquiring the openly visible
surface of an object. Especially in the application to breast surface scanning
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Figure 6.1: 3-D image data acquired with a Konica Minolta laser scanner. The
scans from three different angle show a healthy volunteer
the occlusion of parts of the body surface, e.g. caused by the arms or ptotic
(i.e. hanging) breasts, this is an important issue that has to be considered.
6.1.1 Laser triangulation
The 3-D surface imaging of patients and volunteers was in a routine proce-
dure performed using a well established surface scanner working with laser
triangulation (Vivid 9.10 R©, Konica Minolta Co., Ltd., Osaka, Japan). The
device works with a horizontal laser barrier and a calibrated CCD (charge-
coupled device) camera that are both assembled in the same housing. The
laser barrier moves from top to bottom and the simultaneous image acquisi-
tion of the camera permits the calculation of a depth image by triangulation.
In standard mode the acquisition time is 2.5 seconds. The system has shown
its applicability to breast shape measurements in a wide range of preliminary
studies by the group of computer aided plastic surgery at the Klinkum rechts
der Isar [154–158].
Predefined markers on the ground ensured standardized positioning of the
subjects and all acquisitions were performed under equal lighting conditions
(light intensity 350–400 lux) with a 10 degree upward angle of the scanner
facing the participants. Three acquisitions were made facing the subject
at different angles of +30, 0 and -30 degrees relative to the lens [158] in
standing upright position. During acquisition the females were asked to
hold their breath. The arms had to be put down the side at the height of
the pelvis and the back was supported by a wall to guarantee reproducible
data by minimizing potential artifacts due to movements. Figure 6.1 shows
an example of the acquired data from three different angles in a healthy
volunteer, while in figure 6.2 data of a breast reconstruction patient produced
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Figure 6.2: 3-D image data acquired with a Konica Minolta laser scanner. The
scans show a patients after tumor ablation of the left breast before reconstructions
surgery.
with the same protocol is depicted.
The 3-D surface scans of all participants, both the group of healthy volunteer
test persons as well as the breast reconstruction patients that are included
in the application chapters of this work, were performed with this device.
6.1.2 Fringe projection
During the course of the present work a second scanning device (Comet 5 R©,
Steinbichler Optotechnik, Neubeuern, Germany) has been utilized in addition
to the laser scanner described above. This device uses fringe projection for
triangulation instead of laser scanning. In this method a defined pattern of
stripes is projected on the subject. A combination of different widths of these
stripes for coarse depth image acquisition and a subsequent phase shift mode
with constant stripe thickness for fine capturing is used.
However, the surface data that could be acquired with this device have not
been included in the present work. Because of the well-established clinical
routine, the Konica Minolta laser scanner was used to produce all the 3-D
surface data that has been subsequently used. In order to allow a compa-
rability between the different sets surface data it was avoided to mix two
different imaging modalities in these studies.
A comparative study that evaluates the performance of this fringe projection
device, the previously described laser scanner and another hand held device
has been published [159].
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6.1.3 Image processing
The imaging with one single laser scanning device makes it inevitable to
perform several consecutive surface scans to acquire the full relevant surface
without any holes due to occlusions. Hence, in the present work a procedure
that uses three scans has been utilized, as previously developed and applied
to similar tasks [157, 158]. In order to compile these separate scans to form
one continuous surface, first a registration of all scans with respect to each
other has to be performed, and secondly a so called merging step has to be
performed to avoid overlapping parts caused by areas that are visible in more
that one scan. Thus, the acquired single shots from different angles of each
subject were converted into virtual 3-D models using an appropriate soft-
ware package (Geomagic Studio 12 R©, Raindrop Geomagic, Inc., NC, USA).
It was taken care that any holes, scan artifacts or self intersections were re-
moved to provide optimal 3-D data for the following procedures. The used
approach was successfully used in numerous previous publications to related
applications [154–158, 160].
The data that has been acquired in the described manner was used in all
three studies that show applications in plastic surgery, that are shown in the
chapters 8, 9 and 10.
6.2 Volumetric imaging
This section that focuses on volumetric imaging techniques is divided into
three parts, i.e. magnetic resonance imaging (MRI), computed tomography
(CT) and computed angiography (CT-angio or CTA), that have all been used
for different computational process chains in the present work.
6.2.1 Magnetic resonance imaging (MRI)
In the present work the magnetic resonance imaging (MRI) was used to
acquire the breast geometry of healthy volunteer test persons. The applied
procedure is described in the following:
In the current work the following procedure was used for the MRI data ac-
quisition on a collective of volunteers test persons:
The volumetric magnetic resonance imaging (MRI) data of all volunteer was
captured with the aid of a Philips Achieva 1.5 R© Tesla MRI scanner (Philips
Medical Systems DMC GmbH, Hamburg, Germany) using a T1-weighted
imaging sequence with a 512 × 512 × 179 voxel resolution and a spacing of
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Figure 6.3: Example MRI scans of four volunteers in axial slices. The fat tissue
is in high contrast in relation to the surrounding tissues, the differences in breast
size as well as in ratio of fibroglandular tissue are obvious. The contrast between
muscles, fibroglandular tissue and ribs are less pronounced and thus segmentation
is challenging.
0.994 × 0.994 × 2.0 mm (imaging parameters: 4.6 ms ecco time and 9.2 ms
repetition time). No intravenous contrast medium was applied. The tho-
racic images were obtained with the participants lying in prone position.
The breasts did not touch the MRI bench. This was achieved with pillow
supports located above the clavicles and in the shoulder region as well as
at the abdominal area and the pelvic crest region. With this support struc-
ture, all compressions of the breast due to contact with the bench could be
omitted.
However, the soft tissue of the breast is not free of stress because gravity
forces are acting and have a non-negligible effect on the deformation of the
tissue. The shape of the so acquired free hanging breast can be made avail-
able for further processing and segmentation in suitable imaging software
packages. The resulting volumetric models may finally be used for finite el-
ement simulations. But it has to be kept in mind that these simulations do
not start with an unloaded state due to the gravitation loads. The use of the
test person data in a study that aims at the material parameter assessment
of the breast can be found in chapter 8.
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6.2.2 Computed tomography (CT)
Computed tomography (CT) is a widely used imaging modality for the 3-D
volume imaging that is especially well suited for the assessment of bony
structures as it delivers high contrast between bone and surrounding soft
tissues. A shortcoming of the CT imaging is the use of x-ray radiation. Unlike
2-D x-ray imaging the CT has to work with far higher doses of radiation and
thus bears the risk of causing cancer. A compromise that is widely used in
maxillofacial surgery and dental implantology is the so called cone beam CT,
also referred to as digital volume tomography, that used less radiation and
hence decreases the risk of unwanted side effects.
In the present work the CT was used to acquire the geometric data as well
as the internal structure of different bone specimens. These included human
mandibles, fibulae, iliac crests and scapulae. All bone specimens were har-
vested from body donors that gave their bodies for the purpose of research.
The bone specimens were freed from any surrounding soft tissues and scanned
with a Philips Brilliance iCT R© scanning device (Philips Medical Systems
DMC GmbH, Hamburg, Germany). Voxel resolution was 512×512×538 for
the mandibles and was individually chosen for the smaller transplant speci-
mens. All data was acquired with a voxel spacing of 0.352×0.352×0.334 mm.
The relatively high voltage of 120 kV and the fine resolution was possible for
the ex vivo bones as for these specimens no limitations in radiation dose had
to be considered. In clinical use of CT imaging the risks of radiation need to
be set in relation to the diagnostic benefits to decide if this imaging modality
is indicated. A study that uses geometric data acquired with CT imaging for
the generation of a statistical mandible model is shown in chapter 11. Fur-
thermore, the biomechanical experiments that are described in chapter 12
relied on the CT imaging to exclude the presence of any internal defects,
such as cystic resorptions, in the bone specimens that could spoil the exper-
iments. The computer aided procedure for the planning of an orbital floor
reconstruction, that is shown in chapter 13 is also based on CT imaging.
6.2.3 Computed tomography angiography (CTA)
Computed tomography angiography (CT-angio or CTA) is like the previously
described CT using x-ray radiation to deliver volumetric images of the human
body. But unlike the regular CT, the CTA technique is using a contrast agent
that is added to the blood to make it more radio-opaque.
Thus, CTA can be used to visualize blood containing organs with higher
contrast then in regular CT imaging and is especially valuable to investigate
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Figure 6.4: Example CTA axial slice from a breast reconstruction patient. The
blood vessels are shown in bright color, here in between the pelvic bones and the
abdominal muscles above. The deep interior epigastric perforator are the small
bright spots directly underneath these muscles.
the location, shape and size of blood vessels in many regions of the body,
e.g. brain, kidneys, pelvis, lungs or arms and extremities. In micro surgery,
the benefits of this imaging technique are pronounced for the purpose of
investigating the location and size of supply vessels [59–61]. It could be
shown that vascular imaging may reduce the risk of transplant failure due
to insufficient blood supply [58]. However, there is a certain risk of allergic
reactions to the contrast agent (commonly containing iodine) as well as the
radiation exposure, similar to CT imaging.
In the present work the CTA imaging was used to acquire the geometric data
of the adipose tissue of the abdominal region that can be raised as part of an
abdominal flap, the so called DIEP flap, see 4.2.2. For this type of autologous
transplant it is especially important to locate the deep inferior epigastric
perforator which serves as the major supply vessel for this microsurgical
transplant.
The CTA scanning was performed according to following procedure, as de-
scribed in [14], where this data has been used:
Preoperative CTA has been used as a routine procedure at the stage of
surgical planning to determine the abdominal vascular perforator supply
for the DIEP flap. The CTA scans were performed according to a previ-
ously published protocol in supine position using a 64 multislice CT scanner
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(SOMATOM R© Sensation, Siemens AG Medical Solutions, Erlangen, Ger-
many) with 120 kV, 120 mAs and 0.6 mm slice thickness [161]. An intra-
venous line was placed in the antecubital arm vein, and 70 ml of a contrast
medium injection containing 300 mg of iodine per milliliter (Ultravist 300 R©,
Bayer HealthCare Pharmaceuticals, Berlin, Germany) at a rate of 4 ml/sec.
Bolus tracking was performed for the distal abdominal aorta region and the
imaging was performed from 5 cm above the umbilicus to the pubic symph-
ysis. The average radiation exposure was about 6-8 mSv at a dose-length
product (DLP) value of 300 mGy-cm. Figure 6.4 shows an example picture
taken from one breast reconstruction patient. An axial slice is depicted,
taken at the height of the pelvic bone. The contrast agent makes the blood
inside the vessels to show up in a bright color similar to to bony structures.
That imaging technique has been used for the geometric acquisition of the
abdominal region that was utilized for the transplant volume measurements
and reconstruction planning in chapters 9 and 10.
6.2.4 Segmentation
Segmentation is the process of either manually, semi-automatic or fully auto-
matic distinction between different anatomical compartments based on image
data. All the above mentioned imaging modalities provide volumetric data
that is usually stored in the standardized DICOM file format. Out of that
data the 3-D surfaces that mark the delimitation of the relevant anatomical
structures have to be defined.
In the present work all segmentations have been performed semi-automatically
with the commercial software Mimics R© 14.0 (Materialise, Leuven, Belgium).
This program allows for manual adjustment of the relevant anatomical struc-
ture surfaces and has a great variety of helpful tools to ease this process and
to permit the generation of satisfyingly accurate models.
6.3 Biomechanical testing device for mandible specimens
For the mechanical loading of the mandible specimens that were used in the
experimental studies in chapter 12 of this work, a specially developed test
bench, called Mandibulator , was used. This device is suited to perform ex-
periments on artificial bone models as well as on human cadaver mandibles.
A visualization of the device is presented in figure 6.5. In a modified way, a
similar test bench has been used in several preliminary research projects at
the department of Maxillofacial Surgery, Klinikum rechts der Isar, Technis-
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Figure 6.5: Computer generated visualization of the mechanical testing device for
biomechanical experiments on human mandibles, called Mandibulator .
che Universität München (Munich, Germany) [162–164]. In this experimental
setting, the temporomandibular joints are modeled through bearings formed
as lathed semi spheres that are concavely shaped to represent the physio-
logical shape of the joint sockets. Biting forces are applied by stiff ropes
which are pulled by electromechanical cylinders under displacement control
to apply the required forces on the mandibles. A maximum of three different
masticatory loads may be applied on the mandible specimens at the same
time to allow the simulation of complex chewing scenarios. The muscular
forces are also modeled via ropes which are fixed onto the framework of the
Mandibulator above the mounted mandibles. This means that in this exper-
imental setting the muscular forces are the result of the applied biting force
and not vice versa. This has been defined because many publications give
trustworthy references on biting forces [165–169] and only few articles pro-
vide data of muscular forces [162, 170–172] that are much more difficult to
measure and hence have much higher uncertainties. In the present setting, all
muscular forces are summarized by one noose of the rope at each mandibu-
lar angle, which mimics the pterygomasseteric sling [40] in the physiological
direction [166, 173]. For a visualization of this force principle see figure 6.6.
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Figure 6.6: Principle sketch of the force application that acts on the mandible
specimens. In this visualization a mandible reconstructed with iliac crest graft
and Trilock R© plates is shown, one of the spherical representation of the joints is
depicted in half sectional view.
The load measurements are conducted by stress sensors attached to the ropes
that are controlled by specifically developed software application and trans-
mit the measured data to the computer which allows the dynamic evaluation
and constant documentation of all applied forces at any time. Even though
three different biting forces can be applied independently on the tested bone
specimens, all measurements presented in this work are restricted to incisal
biting forces.
6.4 Optical tracking of passive markers in space
For detecting and measuring the motion in the osteotomy gaps of the mandible
specimens the optical measuring system PONTOS R© (GOM - Gesellschaft für
optische Messtechnik, Braunschweig, Germany) was used. This device is
capable of 3-D data acquisition of passive markers and is widely used in en-
gineering (e.g. to quantify the deformation of airplane wings or sheet metal
car bodies, but also with applications in civil engineering e.g. for masonry
and even whole buildings). The first introduction of this system to the field
of medical application is described by Dobele et al. [174]. The authors of
the publication consider it suitable for the needs of biomechanical analysis
in trauma surgery with a very high accuracy of 0.003 mm. In a successive
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study the PONTOS R© system was first applied for biomechanical experiments
in maxillofacial surgery by Steiner et al. [175], which can be considered as
the pilot study for the experiments that are presented in this work.
The PONTOS R© system works with two digital cameras (CCD, charge-coupled
device, 2448 × 2048 pixels) that are capable of tracking passive markers
(2.5 mm diameter reflecting dots), also called fiducial markers. Since the
two cameras are mounted on a fixed tripod and their relative position is cal-
ibrated, it is possible to calculate the marker positions in all three spacial
dimensions bases on the two acquired images by triangulation. The motions
of these markers that were glued all over the surface of the mandible were
tracked over time with a sample rate of 4 Hz. It is an essential advantage
of this method that the passive markers do not influence the mechanical
properties of the mandible, e.g. in comparison to the attachment of strain
measurement gauges [176] or photomechancial epoxy resins [165, 177]. Dur-
ing the loading process, analogue signals from strain measurement gauges
that are attached at the ropes are recorded by the measurement system.
The transmitted forces thus represent the biting force and the summarized
muscular force, respectively.
The PONTOS R© system delivers the positions of all captured passive markers
over time as well as the corresponding forces measured by the load cells. In
the postprocessing stage, the interfragmentary movement between different
bone fragments can be calculated from this data, as the system allows a three
dimensional reconstruction of the relative movements of different groups of
marker points.
For the presented application, three different components are considered, i.e.
the transplanted bone graft, the anterior and the posterior residual part of
the mandible. By this definition, the anterior segment includes the whole
contra lateral part, even though only the region of the mental symphysis has
been prepared with markers and was captured by the tracking system. The
posterior part, in contrast, that mainly consists of the ramus mandibulae was
captured over its whole extension. With the measured data, the calculation of
the relative roll, pitch and yaw angle between the two mandible components
in relation to the transplant can be performed.
Thus, the PONTOS R© system permits to capture torsional movements as well,
which are usually very challenging to be detected by conventional measure-
ment methods [162, 164]. Since these torsional movements have significant
influence on the bone healing in osteotomy gap, the corresponding rotational
angles are subsequently analyzed in this work.
For the quantification of interfragmentary movement it is desired to have
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one parameter that allows for the description of that movement in all spacial
dimensions. To address this issue, Shetty et al. [178] presented a formula to
condense the three relative rotational angles into one representative value,
called instability factor with the following formula:
Θ =
√
Θ21 + Θ22 + Θ23
By the use of this equation that is the Euclidean norm of all spacial angles,
it is possible to gain one single value of relative deformation for the relative
movement in each osteotomy gap. That value is invariant to any coordinate
system changes and hence it is ideally suited for the purpose of comparisons
between different mandibles. The inter-patient variations in shape of the
mandible bone does not bias the comparisons as neither initial location nor
orientation of the interfragmentary gaps have an influence on the instability
factor.
The tracking of the fiducial marks with the PONTOS device works robust
and reliable if both cameras have direct view on the fiducial marks. However,
during the course of the measurement the mandible performs a large rotation
caused by the pulling of the incisal rope. A problem that arises due to
this issue is that then some of the fiducial markers may be occluded for
one camera. Hence a calculation of the depth coordinate of that marker
becomes impossible. In cases where the PONTOS R© software recognizes this
issue correctly the value of that marker is not stored for that frame. But
often the software then looses correspondence between different markers and
even interchanges them. In these cases the measurement data may no longer
be used for further evaluation because the calculation of relative angular
movements would be spoiled by these wrongly assigned points.
This task that might seem trivial at first glance has been a major issue in
the course of post processing, as a special algorithm needed to be developed
to solve that problem and to perform the correction of the data to allow a
trustworthy evaluation of the acquired data. In subsection 7.2 the elaborated
workflow and the implementation are explained in detail. Only the use of
this approach allowed the evaluation of the data and the subsequent review
from the clinical perspective to publish the data in medical journals.
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This chapters describes the algorithms that have been developed and imple-
mented in the scope of the present work. For that task the advantages of
the modern object orientated Python programming language were used to
automate certain process chains and the open source software Blender R© was
used for several aspects such as supplying of a graphical user interface as well
as visualizations of the diverse calculation results. Especially the graphical
user interface is an essential component of the defined workflows, because
the tools that are developed for surgery planning may later be usable by
surgeons that have no explicit knowledge in computer programming or nu-
merical algorithms. Hence, all numeric steps have to be automated in order
to envision a clinical use of the elaborated methods as operation planning
tools.
The first section of this chapter shows an algorithm for determining an un-
deformed reference state based on a known deformed configuration. That is
necessary in plastic surgery applications like breast surgery, where large de-
formations of the soft tissues have to be taken into account and no imaging
modality is capable of capturing the undeformed state of the breast. The
algorithms was implemented in APDL (Ansys R© parametric design language)
and the software package Ansys (Ansys Inc., Canonsburg, PA, USA) was
used for the finite element simulation.
In the second section, an algorithm is introduced that allows the process-
ing of the three-dimensional movement of marker points data that has been
acquired with the optical tracking device PONTOS R©. That is used for an
application to evaluate experimental data from biomechanical tests on re-
constructed mandible bone specimens.
The third section describes the implementation of an automated method to
quantify the morphology of the human mandible based on geometrical data
from segmented CT images and the subsequent means of statistical analysis
that are used to generate a shape variable finite element model.
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Figure 7.1: Flow chart of the iterative procedure for the estimation of an unde-
formed reference state based on a known deformed configuration.
7.1 Iterative algorithm to find an unloaded reference configuration
In plastic surgery, the soft tissues of the human body, such as muscles, fat or
skin, are the main region of interest. As was introduced in section 4.1, these
types of tissues are very compliant and undergo large deformations even at
moderate loads.
Hence, the breast is considerably deformed even if besides gravity no other
forces are acting. Therefore, all possible spatial positions of the subject yield
a deformed geometry of the breast because gravity effects cannot be excluded
easily. Though technically possible, approaches of using buoyancy effects (i.e.
placing patients in a water tub) have not been published yet, supposedly due
to the then complex acquisition of the three dimensional data of the breast.
For mechanical simulations however, an unloaded state of the simulated bod-
ies has to be known as the starting point of the calculations. Computations of
the undeformed reference state based on a known deformed configuration can
be classified as an inverse problem. Due to the high deformation and the hy-
perelastic material behavior, a simple recalculation with inverse gravity is not
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satisfyingly accurate for the breast tissue. However, some previous studies
by other researchers did consider these effects as negligible and used a single
step method instead [9, 10]. But recently, more advanced investigations on
this subject have been conducted taking into account these influences [8, 119].
Rajagopal et al. [119] presented an inverse algorithm for the simulation of
the breast’s soft tissue to address this topic. The here described study uses a
similar method for the iterative calculation of the unloaded reference state.
In the following a description of the algorithm with mathematical formulas is
provided. Far a more verbal description of the method the reader is referred
to other publications that were elaborated within the scope of this work [15,
179].
In the heuristic approach that was implemented, the task is to find an es-
timation of the unknown non-deformed reference configuration X, based on
a known deformed configuration xMRI which was derived from MRI and is
loaded by gravity.
A first approximation of the non-deformed configuration X0 is made by a
one-step backward calculation (with inverse prone gravity) using xMRI as a
starting configuration:
KMRI(xMRI,u)uinv = −f0
is the constitutive equation that needs to be solved with non-linear finite
element analysis. That calculation delivers the deformation vector uinv that
may be used in
X0 = xMRI − uinv
to find the first estimate of the undeformed configuration X0.
To verify that calculation and to quantify its reliability, this configuration
may be used as a starting point of a new forward calculation with prone
gravity as boundary condition. As the following steps may be performed
iteratively they may be called verification loop (as visualized in figure 7.1),
hence n is used subsequently instead of an index number (the first loop would
be n = 0, hence the above mentioned X0 is used in the first step):
K(Xn,u)un = f(Xn)
has to be solved to get the displacement vector un that is denoting the
difference between the two states. This displacement vector may be used to
calculate the shape of the current configuration loaded by prone gravity:
xn = Xn + un
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This resulting xn may be compared to the initially acquired geometry xMRI:
udev,n = xMRI − xn
to get the deviations udevdev,n that can be used to improve the approximation
of the unloaded reference state. For that task these deviations are used as
displacement boundary conditions on the current deformed geometry xn:
K(xn)udev,n = fcorr,n
For this calculation of corrective forces linear simulations are used. The
resulting reaction forces fcorr,n derived from this finite element simulation
are those forces that would be needed to change the estimated deformed
configuration xn to match the real deformation xMRI. These corrective forces
are then transformed to the current estimate of the undeformed configuration
Xn to get a better approximation of the undeformed state Xn+1:
K(Xn)ucorr,n = fcorr,n
Xn+1 = X1 + ucorr,1
A convergence criterion checks whether the approximation is good enough to
avoid unnecessary computations. In the present work it has been defined as
when the difference between two consecutive iterations ucorr,n and ucorr,n+1
is less than 5 % of the difference at the first iteration ucorr,n, the unloaded
model is considered as satisfyingly accurate and the loop is exited.
7.1.1 Verification of the iterative algorithm on test phantom
For the purpose of verification of the above presented algorithm, a bench-
mark calculation on a test phantom model with simple geometry has been
initially performed in this study before it was applied to simulations of soft
tissue deformations of the breast. For a similar task, Rajagopal et al. [119]
used a phantom model to validate their approach. In order to satisfy com-
parability to the geometry used in the referenced study, a cantilever beam
with the same dimensions and material properties was used in this verifica-
tion. Thus, a length of 50 mm and a square cross-section of 25 × 25 mm
(figure7.2 part A) was chosen for the virtual phantom and a Neo-Hookean
material model was used with parameters of c1 = 3.0 kPa (i.e. half of the
initial shear modulus) and perfect incompressibility (i.e. infinitely high bulk
modulus). The finite element model of the cantilever beam was meshed with
u-p-mixed formulation with 18237 degrees of freedom, the only load with
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Figure 7.2: Validation of the iterative inverse algorithm. Left: (A) The undeformed
state of the phantom model, i.e. the load free configuration. (B) The deformed
model loaded only by gravity forces. (C) The result of the single step method for
the estimation of the reference state. Differences are calculated between this results
and the unloaded configuration that is known in the validation example. The dark
color shows deviations to the reference configuration. (D) Deviation between the
final estimation of the reference state and the real unloaded configuration. The
same color coding is used as in the other comparison and no visual differences
between calculation and target geometry are remaining. Right: The monotone
convergence behavior of the test probe is depicted as a semi-logarithmic plot.
standard gravity g = 9.81 N/kg. All simulations employing the inverse algo-
rithm were performed with Ansys (Ansys Inc., Canonsburg, PA, USA). The
whole simulation procedure has been automated to be able to use the batch
mode of the program.
The inverse algorithm that was introduced above was conducted in 20 iter-
ative steps. In this benchmark calculation, a strictly monotone convergence
behavior with a mean improvement of 65.5±14.3% over all 20 iterative steps
could be investigated, see graphical representation in figure 7.2 (right) in a
semi-logarithmic plot. This indicates that for the test phantom, in mean
each step the improvement is more than a duplication of the accuracy of the
approximation of the unloaded state.
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7.2 Postprocessing of the PONTOS R© measurement data
This section describes the algorithm that was developed for the post process-
ing of the PONTOS R© data. Because the acquisition process is error prone as
described in section 6.4, some corrective adjustments have to be implemented
in the workflow to permit a trustworthy evaluation of the measurements.
While the PONTOS R© system delivers reliable three dimensional data when all
fiducial markers are visible to both cameras, the system may not provide the
full 3-D information when during the course of the acquisitions some markers
are occluded for at least one camera. In that case the system cannot compute
the depth position of the point. Cases when 3-D information for an occluded
fiducial is not stored for one or more frames are problems that are trivial to
deal with in the stage of postprocessing since simple interpolation between
the captured data may solve this task satisfyingly accurate. However, it may
occur that two or more fiducial markers are mistaken, i.e. they switch po-
sitions between two subsequent acquisition frames. If that is the case, more
sophisticated evaluation techniques have to be used to correct these errors.
The developed workflow which was implemented with object orientated ap-
proaches in Python programming language is shown in the following:
1. First the data are read from raw text files (in ASCII format) that con-
tain all information that is exported from the PONTOS R© software. The
recognized points are grouped according to the three bone fragments
that were investigated in the present experiments. All lines are read
and the content is interpreted. By using the advantages of object ori-
entated programming, a specially defined class is used to store the data
for all markers over all frames, including the internal ID number, initial
position, the current position and the manually assigned group name
of that fiducial marker.
2. The movement of all markers in checked and if there is a high difference
between two consecutive frames, the data of the point is rejected for this
particular frame. Nevertheless, the last valid frame is stored and further
compared to the upcoming frames, because it often occurs that proper
fiducial marker assignments where lost only for several frames but later
the point reference was found again in a correct way by the PONTOS R©
software. In that case the validity of the data points is reclassified to
be correct again and thus the points are classified as trustworthy data
again, albeit with a gap in the acquisitions.
3. Markers that are hardly seen, i.e. they are visible in less than 90 % of
all frames, are excluded from further evaluation. The others are treated
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as valid data points and in case that there are single frames where a
particular marker is not captured an interpolation or extrapolation of
its position is made based upon the spacial data of this marker in the
surrounding frames.
4. The valid data points are grouped by the naming conventions that have
been manually defined in PONTOS R© directly after the acquisition pro-
cess. For the evaluation of the reconstructed mandibles, three relevant
groups have been defined: mandible distal, mandible mesial and the
transplant. The internal deformation within the point groups caused
by strain deformations of the bone segments can be neglected in com-
parison to the interfragmentary movements, as shown by Steiner et al.
[175]. Hence, only rigid body deformations of the point clouds have to
be considered. Rotation and translation matrices are calculated based
on the movements of the points of each particular group that can be
interpreted as point clouds.
For that calculus the following algorithm [180] has been utilized:
First a translation of all data to the origin (center of gravity of all
captured points) is performed.
This transformation is repeated for every step s and hence it is trivial
to compute the transformation vector ts for the corresponding time
step as a sum over the three coordinates of all N points of a specific
body with
ts =
N∑
n=1
ps,n −
N∑
n=1
p0,n
, where ps,n is the 3-D coordinate vector of the point n at time step s.
However, the calculation of the rotation matrix R is more complex:
First, the cross-correlation or covariance matrix H of the two point
clouds Ps and P0 (i.e. matrices composed by all coordinate vectors ps
and p0) needs to be calculated, given as:
H = (PTs ·P0)T
The skew symmetric parts of this 3× 3 matrix are stored in ∆:
∆ =
[
H23 −H32 H31 −H13 H12 −H21
]
And the trace of H is given as:
tr(H) = H11 +H22 +H33
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By the use of these transformations the matrix M is composed:
M =
[
tr(H) ∆T
∆ H+HT − tr(H) · I
]
Computing the Eigenvectors of M is performed with the equation
I · λ = QTMQ
that yields the matrix of eigenvectors Q = [q1,q2,q3,q4] and the cor-
responding eigenvalues λ1, λ2, λ3, λ4. The eigenvector corresponding to
the biggest eigenvalue may then be interpreted as the (unit) quaternion
q that can be divided into its components:
q = [w, x, y, z]
The equivalent left-handed 3×3 rotation matrix to this unit quaternion
rotation is:
R =
1− 2y
2 − 2z2 2xy − 2zw 2xz + 2yw
2xy + 2zw 1− 2x2 − 2z2 2yz − 2xw
2xz − 2yw 2yz + 2xw 1− 2x2 − 2y2

The term above is also referred to as Euler-Rodrigues formula, as
w, x, y, z may also be seen as Euler parameters of a rotation.
An alternative approach that leads to the same results is the use of
singular value decomposition to calculate the rotation matrix [181].
5. Finally, the data of each measurement that is so far only available
for discrete time steps (because it is captured at a fixed frame rate of
4 Hz) has to be put into a format that allows a comparison between the
different measurements. For that a transformation of the data towards
the incisal force at a rate of 1 N is performed. In that form the data
is suitable for common graphical visualization and further statistical
evaluations.
For further evaluations the rotations of the different parts calculated with
the method above are compared to create relative rotations. Out of those
rotations the stability factor according to Shetty et al. [178] is calculated, see
also section 6.4. Because it is using the Euclidean product it is invariant to
the choice of coordinate system and hence no care has to be taken to adjust
the orientation of the coordinate system in which the movement data are
stored.
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As a concluding remark, it may be stated that the combination of object ori-
entated Python programming language and the computer graphics software
Blender R© allows the correction of erroneous data sets and was essential
for the subsequent evaluation of the experiments. Furthermore, with this
program a visualization of all fiducial markers for all frames and even the
compilation of videos that allow optimal visual presentation of the acquired
data and further evaluation e.g. with an export to other simulation software
may be an option for future use of the measurement technique.
7.3 Statistics of the morphology of the mandible
For all steps that are shown in this section the open source software package
Blender R© 2.63 (Blender Foundation, Amsterdam, Netherlands) was used
and the developed algorithms have been implemented in the programming
language Python.
The algorithm of statistical evaluation of the mandible bone may be divided
in four different main procedures. The first one allows a coarse alignment
of the arbitrarily positioned initial data, while the second process is capa-
ble of detecting the clinically relevant landmarks on the bone surface. The
third procedure allows the calculations of statistical correlations in shape
variability with the method of principal component analysis and the last al-
gorithm defines a shape variable finite element simulation model based on
the previously captured data.
Applications of the algorithm are shown in chapter 11.
7.3.1 Adjustment of the spacial orientation
The basic data of the present algorithm are triangulated surface data in STL
format, e.g. acquired by CT scans of human mandibles.
The investigated mandibles may initially be positioned arbitrarily in space
when loaded to the software. The initial position depends on the coordinate
system that is defined at the image acquisition step in the volumetric scan-
ning system by internal convention of these devices. Secondly, coordinate
orientations or reference to global origin may be changed at the step of the
segmentation, since different software tools may have again different conven-
tions. A manual repositioning according to a predefined protocol should be
avoided, since this would make this fundamental part of the process user de-
pendent. In order to overcome the possible differences in positioning and to
80 7 Numerical Implementations
make all mandible geometries comparable, regardless of the image acquisition
technique and segmentation, for this primary step an automated algorithm
for repositioning of the mandible in space is defined:
1. A first repositioning of the mandible is made so that the center of grav-
ity of the mandible is transformed to the global origin of the coordinate
system. In this step the mandible is considered to have homogeneous
density. The center of gravity can only be calculated if the segmented
surface is fully closed and no self intersections are present, or in math-
ematical terms that it is a manifold object. The previous segmentation
process has to assure this required property of the surface data.
2. The mandible may be rotated arbitrarily around all spatial axes. To
address this issue, an algorithm that uses calculations of the different
mass moments of inertia momentums to detect the different directions
is implemented according to the formulas published by Tonon [182]. It
takes advantage of the fact that the human mandible has a shape that
has always its principal moments of inertia distributed in a comparable
manner. The 3-D surface data is rotated such that the axis with the
highest moment of inertia is the same for all models and similarly for
the other two axes.
3. Even though the orientation of the mandible is now according to the
principal axes, still the object might not be orientated properly: it may
still be turned upside down or front to back. Here, the curved shape
of the mandible that is typical for it, can be utilized for the algorithm
to access the orientation and make a correction by a 180 degree turn if
appropriate.
A quadratic regression analysis of all surface point coordinates is used
for this task. The sign of the quadratic factor is evaluated and used
for the decision whether the mandible needs to be flipped or it may
stay in place. This procedure is done in the sagittal plane to adjust
the upward axis of the mandible and in the axial plane to adjust the
mandible to point in the forward direction with the chin.
7.3.2 Automated landmark detection algorithm
Once the mandible’s position and orientation have been standardized, the
second part of the method can automatically detect the position of the land-
marks by characteristic spacial descriptions. These are based on verbal de-
scriptions that come from human anatomy studies and are in the scope of
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Figure 7.3: Mandible with landmarks visualized as dark spheres and corresponding
coordinate system.
this work translated to mathematical formulas that can be processed on the
computer.
The seven landmarks that have been chosen for evaluation are visualized in
figure 7.3 and further characterized in chapter 11.
In the following the different steps that are executed subsequently are de-
scribed verbal as well as in mathematical formulation:
1. Mandibular angles (gonions)
These points are defined as maximal posterio-caudo-lateral points. Fol-
lowing the mathematical equation is used to detect these two landmarks
max(±px + py + 0.5 · pz)
The acquired points are used to define the sagittal median plain of the
mandible by perpendicular bisection.
2. Bony chin (pogonion)
This landmarks is defined as maximal anterior point within the median
plane. The mathematical definition is:
max(−abs(px) + py))
With this landmark as a third point the local mandibular coordinate
system is defined as all three landmarks detected so far define the hor-
izontal plane in the mandible coordinate system. Hence, for the sub-
sequent calculations the mandible is rotated such that both gonion
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landmarks lie on the x-axis and the pogonion is on the y-axis. As the
rotation of the mandible changes to this finer adjustment, the detec-
tion algorithms for gonion and pogonion might find slightly different
points when these steps are repeated on the newly positioned mandible.
Thus, the steps 1 and 2 may be performed iteratively to find the rel-
evant points on the mandible in final position. The steps show a very
fast convergence behavior and hence an fixed number of three iterations
was defined for the present study.
3. Mandibuar joints (condyloid processes)
The tips of the condyloid processes are defined as maximal posterio-
cranio-lateral points, or in formula notation:
max(±px − py + pz)
It is voluntarily avoided to use the highest points at the condyles, i.e.
those with the maximal z coordinate, in order to circumvent problems
with double-headed condyles, that are a rare but nevertheless existing
phenomenon [183].
4. Tips of the coronoid processes
The tips of the coronoid processes are defined as their maximal pro-
jection in cranial direction. Confusion with the condyloid processes is
excluded by decreasing the level of all corner points of the triangulated
surface mesh around the previously detected condyloid processes for
these calculations. That is achieved with the use of a bar-bell shaped
function around the condyles with an appropriate size. The probabil-
ity density function of a Gaussian error distribution showed to deliver
reliable and robust results for that task.
max(±px + 10 · pz − 100 · pdf(0.05 · distance(p, pc.p.)))
Both of the parameters for the probability density function, 0.05 and
100, have been heuristically defined and found to be suitable for the
described application.
7.3.3 Data processing with principal component analysis
The automated assessment of morphological parameters of the mandible al-
lows for a statistical evaluation of these shape parameters.
However, the acquired shape variations are not statistically independent.
As variations in one particular parameter may be associated with others for
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variational calculation these dependencies should be taken into account. One
way to overcome this shortcomings of the above presented method is the use
of principal component analysis (PCA) to include the statistical dependency
of the different variables in the morphable mandible model. In the following
the applied calculation is described.
The shape variance matrix for j specimens and hence j different shapes of
mandibles is composed as follows:
A =

x1,1 · · · x1,j
y1,1 · · · y1,j
z1,1 · · · z1,j
... . . . ...
xn,1 · · · xn,j
yn,1 · · · yn,j
zn,1 · · · zn,j

for n corner points of the surface triangles, with xi,j, yi,j, zi,j being the spacial
coordinates of the ith corner point and the jth shape. The covariance matrix
H is calculated from A in order to detect :
H = cov(A)
Using singular value decomposition (svd) of the covariance matrix H :
U, s,V∗ = svd(H)
The svd delivers the matrix U that contains all principal shapes of the sup-
plied set of data, while the vector of singular values s delivers the degree of
importance of the corresponding principal shape:
Normalizing that vector s gives the importance of the corresponding principal
components yields their relative contribution:
s˜k =
sk∑i s
Hence, s˜k contains the percentage of contribution the particular shape k
and the most important corresponding shapes out of the matrix of principal
shapes vectors U may be found and used for further evaluations, as the
eigenvectors Uk are associated with the scaled eigenvalues sk and thus also
with s˜k.
For further explanation of the utilized on that issue the read is referred to
the standard literature by Jolliffe [184].
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7.3.4 Morphable mandible model
In order to visualize the calculated data, both in the space of morphological
distances and the PCA space, a morphable mandible model was created in
Blender R© based on one fully dentate human mandible out of the investi-
gated group. For this procedure the capabilities of the software that where
originally developed for the animation of virtual characters for cartoon an-
imation were used. So called bones were created that govern the shape of
the mandibles with predefined regions of influence. This process is known as
skinning [185–187].
In the specialized application of these principles to the mandible one central
bone is defined that extends from the origin between the gonion landmarks
to the pogonion landmark, and that is used to govern the anterior extension
of the bony chin. From this median landmarks two bones at both sides of the
mandibular corpus are created that extend towards the mandibular angles
and thus govern the shape and size of the mandibular corpus and the tooth
bearing alveolar crest on both sides. The mandibular ramus is shaped by
two bones on each side extending from the mandibular angle landmark to-
wards the tips of the coronoid processus and condyloid processes, respectively.
These bones coincide with some of the evaluated anthropometric distances (as
listed in chapter 11) and always start and end at specific landmarks that are
detected with the previously described algorithm. This precondition allows
the adjustment of the bones towards any measured landmark configuration
of a mandible. Hence, the chosen mandible segmentation may be transferred
to a mean shape and be used as basis for mechanical simulation. Further-
more, this defined standard model may be deformed towards any individual
model for patient individual simulations.
Part IV
Applications in Plastic Surgery
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8 Assessment of material parameters of the breast
Parts of the work that is presented in this chapter were published in the
form of journal articles [15, 179, 188] and were presented at various confer-
ences [189–193]. In the following the main characteristics of the developed
process chain are described with a focus on the numerical simulation using
finite element analysis.
8.1 Introduction
Breast cancer is the most frequent cancer among women with an incidence
of estimated 232,340 new diagnosed cases of invasive breast cancer during
2013 alone in the US , which are about 29 % of all new diagnosed cancers in
women [1]. After lung cancer it is the second most frequent cause of female
cancer death with an estimated number of 39,620 breast cancer deaths in
2013 in the US [1].
For the early detection of suspicious lesions in the breast tissue it is rec-
ommended for women to attend breast cancer screenings regularly. In these
investigations, the so called mammography, low dose x-rays are used to inves-
tigate the relevant tissues. During the procedure the breast tissue is deformed
by mammography plates that compress the breast tissue. This deformation
affects the localization of suspect lesions that is important for the follow-
ing medical treatment and possibly the surgical interventions that have to
be undertaken. These following steps often make use of different imaging
modalities, e.g. magnetic resonance imaging (MRI), ultrasound or positron
emission tomography (PET). In order to track the suspect tissue parts dur-
ing the different imaging modalities, it would be beneficial to have simulation
tools available that can predict the tissue deformation under different loading
conditions. However, until today no simulation techniques have found their
way to be standardly used in the clinical practice.
Numerical simulations, such as finite element analysis which is widely used in
other fields of science and engineering, have the potential of being useful tools
for the simulation of the tissue movement during different imaging modalities.
In order to provide reliable information that can be used in the oncological
treatment, it is of essential importance to have sufficient knowledge about
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the constitutive behavior of the breast tissue.
In the past two decades numerous researches have been undertaken to address
this topic. In section 5.2.1 a comprehensive overview on these works is given
including the procedures that were used and the constitutive model that
could be derived from these studies. Although such an enormous amount
of studies has been published to acquire material parameters with various
material testing devices, yet no consensus could be found neither on the
theoretical models that should be used to simulate the mechanical behavior
of the soft tissue of the breast, nor on reliable magnitudes of parameters that
describe its mechanical properties. For large deformations, up to a factor
of 100 lies between the softest and stiffest constitutive model that has been
proposed in different literature references. It is evident that this variation
may not be explained by patient individual variations in tissue constitution
and hence there is a distinct need for further research on this subject.
Essential biomechanical requirements must be fulfilled for a realistic breast
deformation simulation: besides accurate material parameters and theoret-
ical models also adequate mechanical boundary conditions need to be de-
fined [8]. Furthermore, a realistic mechanical simulation of the large defor-
mations that the soft tissue of the breast has to bear, requires an undeformed,
i.e. load free, reference configuration of the breast geometry as a correct initial
geometry. Only with such an unloaded reference configuration it is possible
to perform realistic and meaningful simulations [7–10]. Therefore, in the
presented work an iterative algorithm, as described in section 7.1, is used for
the approximation of that stress-free unloaded reference state of the breast
that is an essential foundation for further finite element simulations.
The soft tissue of the breast consists of different anatomical compartments,
see 4.1 for more details. However, in the present work the simplification of
simulating the breast as an isotropic homogeneous material is taken, but the
influence of modeling details of the different anatomical structures was inves-
tigated. Thus, in the present study different constitutive breast models are
implemented that have been proposed in literature references. Furthermore,
the influence of different degrees of anatomical detail within the simulation
model is investigated by making variations to the amount of anatomical de-
tails in the simulation model. Herein the influence of the compliance of the
pectoralis muscles is investigated. In another study, the present of the clavi-
cle bone was evaluated [15], but due to the limited space of this thesis these
works are not described in detail in this scope.
The introduced simulation procedure was applied to geometrical data of 18
healthy female volunteers. Imaging data was acquired with a 3-D surface
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scanning device (see section 6.1) and with magnetic resonance imaging (see
section 6.2.1) in different positions. The accuracy of the FE simulated breast
deformation starting from the prone position to the upright position was
analyzed by comparing the resulting breast surface displacement to the ac-
tual breast geometry of all female volunteers in a standing position using
corresponding 3-D surface scans taken in upright positions. This validation
technique allows for the evaluation of different material models as well as
different boundary conditions with respect to their ability to represent the
real behavior of the breast tissue.
Furthermore, the whole process chain is fully automated and thus may be
integrated into an optimization loop. Thus, the process chain permits the
patient individual assessment of material properties of the breast.
8.2 Volunteer test person data
After ethical approval of the presented study by the Ethical Committee of the
Medical Faculty at the Klinikum rechts der Isar of the Technische Universität
München, Germany, all 18 female volunteers gave their written informed
consent to take part in the study and the Declaration of Helsinki protocols
were followed. The participants mean age was 26.9±3.0 years (range: 22–33),
with a mean BMI of 21.3 ± 1.7 kg/m2 (range: 18.5–24.2), a mean sternal
notch to nipple distance of 19.2± 1.7 cm on the right (range: 16.5–21.9) and
19.2 ± 1.6 cm on the left side (range: 17.0–22.0); a mean breast volume of
382 ± 114 cm3 on the right (range: 176–593) and 371 ± 113 cm3 on the left
side (range: 173–584), indicating no existing breast asymmetries.
The test person collective is significantly younger than the average breast
cancer patients. Thus, the results derived from this data might not be directly
transmittable to the group of breast cancer patients.
The anatomical variability of the test persons in breast shape as well as over-
all built may be seen in figure 8.1. From the perspective of an engineer this
is an especially challenging task because such pronounced shape variations
do not occur in classical mechanical engineering and usual technical tasks
where machine components are in general the objects of interest.
All volunteer test persons underwent two image acquisitions in the MR tube,
one prone and one in supine position. For the variations of the internal
structures of the breast see figure 6.3 in section 6.2.1.
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Figure 8.1: Example of the datasets of six volunteer test persons’ upright 3-D
surface scans. The postprocessing assured that there are no remaining holes or
other artifacts in the triangulated data.
8.3 Finite element model of the breast
For the generation of individual, i.e. patient specific, volume simulation mod-
els, the underlying data for each FE model was constructed from the acquired
MRI scans of the 18 participants. Imaging modalities are described in sec-
tion 6.2.1 The images were saved in DICOM format and loaded to the soft-
ware Mimics R© 14.0 (Materialise Inc., Leuven, Belgium), where the different
anatomical regions of interest could be semi-automatically segmented and
triangulated in different parts (figure 8.2). The following defined anatomical
regions are relevant for the simulations in the present study:
• The rib cage was modeled as one continuous surface, meaning that
the ribs and the intercostal muscles were considered as one single outer
surface, described further as the thoracic wall. The anterior part of
the such defined thoracic wall is used as the posterior demarcation of
the deformable model as explained in detail in the next section, when
mechanical boundary conditions are described.
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Figure 8.2: Finite element models derived from segmentations of MRI data in prone
position in. Full body model (left), internal geometry of the pectoral muscles
(middle), thoracic wall and fixed system boundaries (right).
• The soft tissue of the breast is at this level of detail modeled as only
one homogeneous compartment. This simplifying approach has been
used by several other researchers in that field [7, 9, 10, 109, 118, 121].
Thus the fibroglandular and fat tissue components of the breast are
treated as one continuous part in the segmentation process. This as-
sumption seems to be justified, as e.g. Samani et al. [106] found the
mechanical properties of the two tissues to be in comparable magni-
tude (3.24 kPa for elasticity modulus of fat versus 3.25 kPa as Young’s
modulus for glandular tissue). With regard to the complex geometry
of the intersection surface between the two tissues, it seems inappropri-
ate to model these anatomical regions as different components at the
current stage of research. Comparable studies of Rajagopal et al. [7]
and Lapuebla-Ferri et al. [10] considered the breast tissue as homoge-
neous material for finite element simulation as well. The mechanical
properties of the skin are not taken into account in the present work as
explicitly modeled as a separate compartment. Thus, the used material
model for this soft tissue part has to be considered to be a representa-
tion of an overall constitution of the soft tissue of the breast, containing
rather the summarized properties of fibroglandular and fat tissue as well
as those of the skin than specifically those of the fat tissue.
• The pectoral muscles are segmented into one compartment. It is not
explicitly distinguished between the major and minor pectoral muscles.
Because anisotropic material behaviors are neglected in this study, fiber
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directions that differ in the two muscular parts are not relevant here.
Depending on the investigated boundary condition, the material model
used to describe the compliance of the muscular tissue is either treated
as being similar to that of the overall breast soft tissue, or to be abso-
lutely rigid.
The segmented surfaces were processed in an adequate 3-D surface processing
software (Geomagic Studio 12 R©, Raindrop Geomagic, Inc., NC, USA) to
improve the surface quality and reduce segmentation artifacts that could
disturb later mesh generation. Triangulated surfaces prepared in this manner
can be utilized for the division of the complex anatomical shapes into finite
elements. For the generation of the FE model the meshing software ICEM R©
(Ansys Inc., Canonsburg, PA, USA) was used. Three surfaces containing the
thoracic wall, pectoral muscle and the breast tissue as an entire component
consisting of skin, fat and gland were imported to ICEM in triangulated STL
format. In order to eliminate the irrelevant parts of the breast model for the
FE simulations (like the shoulder region), a box was defined to limit the
model in different sides. The lateral demarcations is set to exclude the arms.
As posterior cut off, the location of the maximal extension of the thorax in
lateral extension is defined. The upper demarcation is defined as the cranial
borders of the clavicle, while the lower border is placed 10 cm below the
breast to exclude any influences of the system boundary conditions to the
soft tissue deformation of the breast. The definition of these system boundary
conditions is essential for the demand to standardize the model generation
procedure in order to maintain an inter-person comparability, even though
one has to deal with highly variant morphology of the female chest region.
Boolean operations were used to create the intersection surfaces between the
different segmented anatomical regions. Thus, it is avoided to have initial
penetrations between the different parts of the model which may cause prob-
lems of convergence of the finite element analysis. TCL/TK scripting was
used in ICEM to implement a routine automation of the whole mesh gen-
eration procedure. This process could be performed for every volunteer’s
geometric data easily and repeatable, while delivering standardized meshes.
Hence, suitable meshes for finite element analyzing with uniform mesh den-
sity were generated. The different parts of the model (fat/gland/skin, muscle,
and thoracic wall) are intrinsically connected to each other through shared
nodes at their connection area.
For the simulation, tetrahedron solid elements were used with u-p mixed
formulation. This theoretical element formulation is suitable for modeling ir-
regular meshes and general material formulations (including incompressible
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materials). The programming language APDL (Ansys Parametric Design
Language) of the software Ansys (Ansys Inc., Canonsburg, PA, USA) was
used for implementation and automatizing the whole process. The tetrahe-
dron meshes had in mean 8741 ± 4195 nodes and 49045 ± 24091 elements.
The relatively high standard deviation in mesh size is a result of the varying
breast sizes of the individual volunteers that have to be represented by differ-
ent numbers of the elements while the average element edge length remains
the same throughout all models.
8.3.1 Boundary conditions
The system boundaries of the simulation models have to be clearly defined
in a standardized way to permit reproducibility. Thus, clear demarcations
of the system in the different directions were defined to satisfy inter-person
comparability within the study as described above. The system boundaries
on the upper and lower boundaries, as well as at the lateral and dorsal
delimitations were considered as fixed boundaries, i. e. all finite element
nodes at these locations are kept initially fixed. Furthermore, all nodes on
the thoracic wall are held in place likewise. In preliminary studies, a different
variation with symmetry boundary conditions, allowing horizontal movement
on the lateral demarcations, has been investigated as well. But this did
not yield any significant difference in the outcome of the simulations. This
finding stands in good accordance to literature [28], where the influence of
the boundary conditions is found to be negligible in comparison to other
influences such as variations in material properties.
For the dorsal boundary conditions two different settings have been applied
in this study in order to compare these two with each other:
• Boundary condition A (BC A)
The main focus of the present study was to concentrate on the mechan-
ical behavior of the soft tissue of the breast (consisting of fat, glandu-
lar tissue and the skin, as mentioned above). Thus, any variations in
material parameters of the pectoral muscles are omitted and the first
boundary condition does not take into account the deformations of the
pectoral muscles due to gravity. Hence, in this first boundary condi-
tion (referred to as boundary condition A), the muscle is considered as
non-deformable, i.e. as if it was a part of the thoracic wall. For this
modeling variant all nodes belonging to elements of the muscles are
initially fixed to constrain their movements, hence there was no need
for two different meshes for the two boundary conditions.
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Figure 8.3: For the two different investigated boundary conditions the fixed bear-
ings are visualized where the simulation models are constrained: Either at the
anterior side of the pectoral muscles for boundary condition (gray, left) or at the
thoracic wall for boundary condition B (white, right).
• Boundary condition B (BC B)
In the second formulation of boundary conditions, the dorsal delimita-
tion of the model was the thoracic wall. In this alternative, only the
thoracic wall is considered to be completely rigid. Similar to the breast
soft tissue, a wide range of material properties is reported for muscle as
well. Also taking into account the deformation of the muscles, would
have led to the additional demand of comparing different constitutive
models from literature as well, which would have exaggerated the frame
of this study. Accordingly, in this model the pectoral muscles are rep-
resented by the same material behavior like the overall soft tissue of
the breast. Both of the different variants of boundary conditions for
the finite element simulation are depicted in Figure 8.3.
Statistical analysis
In the scope of the presented work different comparative studies were per-
formed:
• Intra boundary condition comparison
This comparison provides evidence on the applicability of the differ-
ent material models, since different constitutive models as proposed in
the literature are compared to each other. This comparison has been
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performed twice, dividing the results in two groups for each of the dif-
ferent boundary conditions. The Wilcoxon rank-sum test was used to
test the significance levels of the comparisons of different literature ref-
erences. For all tests a two-tailed global significance level of p < 0.01
was utilized. Mean and median values, as well as quantile partitions
were obtained for all breast surface comparisons.
• Inter boundary condition comparison
Moreover, all simulations with different boundary conditions that have
been described in detail above are compared to each other. This com-
parison yields an assumption, which one of the different boundary con-
dition models is more applicable for a simulation that is closer to reality.
Here, in contrast to the previous part, paired sample tests were per-
formed, because all combinations of geometry and constitutive models
were carried out twice with each boundary condition configuration. A
two-tailed global significance level of p < 0.001 was applied.
Iterative inverse calculations
As previously stated, the starting configurations of the models that are based
on MRI images taken in prone positions may not directly be used for finite el-
ement simulations because of the unknown initial deformation due to gravity.
Because of the soft constitution of the tissue, the breast is highly deformed
even if besides gravity no other forces are acting. But for mechanical simu-
lations, an unloaded state of the geometries has to be known to be used as
the starting geometry for the simulation. Calculating the load free reference
state out of a known deformed configuration can be classified as an inverse
problem. Due to the high deformation and the hyperelastic material behav-
ior, a simple, one-step inverse calculation with inverse gravity loading is not
satisfyingly accurate.
To address this issue in this work, the heuristic approach which is described
in section 7.1 was used. This procedure is capable of calculating a stress free
representative of the model based on a geometry which has been acquired
under gravitational loading.
The inverse procedure delivers an approximation of the stress free geometry
of the breast. This model may subsequently be used for further simulations of
different loading scenarios, e.g. mammography, while in the present workflow
it is only used to calculate the breast geometry in upright standing position.
When a sufficiently accurate approximation of the undeformed state is reached,
this mesh is used to be the starting model for a calculation of the standing
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Figure 8.4: Participants 3-D surface scan in standing position (left) and corre-
sponding participants 3-D MRI based breast geometry with relevant landmarks
for data registration in space.
configuration. For the purpose of validation the FEA result of this final cal-
culation is compared to the 3-D surface scan that is available as well. Only
the skin surface part of the volumetric tetrahedron elements is utilized for
this comparison.
8.4 Validation of the simulation results
The numeric simulation delivers a breast model in upright position starting
from an unloaded reference state that was derived from the prone position
acquired from MRI data and treated with the inverse algorithm. To deter-
mine the accuracy of both of the performed calculations, the skin surface as
it is meshed in the finite element model is exported as a triangulated surface.
The shape of these surface elements that have no physical meaning in the
simulation is deformed by to gravity in standing position. This result can be
compared to the real 3-D breast contour acquired with the above described
laser surface scanning method, similar to the validation method introduced
by Perez Del Palomar et al. [9].
For the 3-D comparisons a specially developed algorithm has been used that
calculates the node to node root mean square integration, similar to the
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Figure 8.5: Left: Division in four quadrants that has been used for the comparison.
Right: Distances between sternal notch and nipples as measured.
method described by Aspert et al. [194]. Figure 8.4 shows two virtual models
of a standing 3-D surface scan and a corresponding finite element models. For
the spatial registration of the two datasets, landmarks have been manually
positioned at characteristic anatomical points prior to simulation. These
anatomical points are adjacent to bony landmarks at the sternal notch the
xiphoid tip and the clavicles and may be considered to be nearly invariant
to changes in gravity loads (figure 8.4).
The whole workflow is automated and may be used in batch mode to allow
fast processing of data with minimal efforts.
The above mentioned comparison method provides an overall comparison of
the 3-D alignment of simulation result an 3-D surface scan. Even if this is
a suitable means for evaluation of the whole accuracy of the simulation, it
does not provide any further information on how accurate the simulation is
in specific anatomical regions. For the answering of this question, further cal-
culations on the same simulation data were performed. For these additional
evaluation the reference shape, i.e. 3-D surface acquired with the laser scan-
ning device in upright position were divided into four quadrants per breast.
A visualization of these quadrants can be seen in figure 8.5. That provides
access to eight more values that may be investigated, analyzed and discussed
additionally. Conclusions can be drawn on whether the presented numerical
approach has different accuracies in different regions of the breast.
Because these 3-D surface evaluations do not provide any information about
the sign of the deviation, i.e. it is not possible to recognize whether a tested
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material model is too still or too soft, a third evaluation measurement was
performed. In this approach anatomical landmarks are positioned on the
sternal notch and on both nipples on the virtual models of the acquired 3-D
surface scans as well as on the calculation results. The Euclidean distances
from sternal notch to left and right nipple are calculated and averaged for
all models providing one parameter for validation (figure 8.5).
Optimization loop
For the integration of the described procedure into an optimization loop, it
is necessary to define one single objective value. Since it is intended to find
material parameter sets that are suitable for the use in person individual sim-
ulation planning, a comprehensive measure of accordance is required. Thus,
the comparison between the simulation result of the standing position and
the real skin surface of the volunteers taken from the standing 3-D surface
scans on the whole surface is chosen as objective which should be minimized
in the scope of the optimization. This leads to one single output parameter
that can be interpreted as the correspondence between surface scan and sim-
ulation result. Thus, it becomes possible to summarize the whole deviation
into one value that needs to be minimized with the appropriate parame-
ters for the mechanical behavior. The whole process chain is visualized in
figure 8.7.
8.5 Utilized material models
In the scope of these simulations, two different approaches have been chosen.
First, a study based on existing material parameters that have been found
by others and published in literature is executed. In the second approach an
optimization with free variations in constitutive models has been conducted
to find patient individually optimal values through parameter identification.
8.5.1 Material models from other publications
In the following, a summary of all materials that have been applied in the
scope of the present work is given. For a detailed explanations of these mod-
els including the experimental methods that were used and their respective
evolutionary background the reader is referred to section 5.2.1.
For the comparison of the performance of different material parameters from
literature references as collective of twelve different materials has been se-
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Table 8.1: Comparative overview of the applied constitutive models that were used
as mechanical properties for breast soft tissue in the study.
Publication Constitutive
model
Experimental condition or ref-
erence
Material parame-
ter
Internal
model no.
Samani and Plewes
[105]
hyper-elastic
Mooney-Rivlin
ex vivo indentation test C10 = 0.31 kPa
C01 = 0.3 kPa
C20 = 3.8 kPa
C11 = 2.25 kPa
C02 = 4.72 kPa
mat1
Samani et al. [106] linear elastic ex vivo indentation test E = 3.25 kPa mat2
Tanner et al. [28]
hyperelastic
neo-Hookean
(MM1nH)
Sarvazyan et al. [113] C1 = 0.13 kPa mat3
hyperelastic
Neo-Hookean
(MM7nH)
based on Azar et al. [121] and
Wellman et al. [98]
C1 = 19.8 kPa mat4
hyperelastic
Mooney-Rivlin
(MM7MR)
based on Azar et al. [121] and
Wellman et al. [98]
C10 = 46.42 kPa
C01 = −31.8 kPa
C20 = 37.07 kPa
C11 = 1.96 kPa
C02 = 1.51 kPa
mat5
hyperelastic
Neo-Hookean
(MM8nH)
based on Krouskop et al. [110] C1 = 2.4 kPa mat6
hyperelastic
Mooney-Rivlin
(MM8MR)
based on Krouskop et al. [110] C10 = 5.83 kPa
C01 = −3.14 kPa
C20 = 0.9 kPa
C11 = 0.64 kPa
C02 = 0.08 kPa
mat7
hyperelastic
Neo-Hookean
(MM9nH)
based on Samani et al. [104] C1 = 3.6 kPa mat8
Hyperelastic
Mooney-Rivlin
(MM9MR)
based on Samani et al. [104] C10 = 10.0 kPa
C01 = −7.14 kPa
C20 = 3.12 kPa
C11 = 1.82 kPa
C02 = 2.07 kPa
mat9
Perez Del Palomar
et al. [9]
Hyperelastic
Neo-Hookean
in vivo gravity loading C1 = 3.0 kPa mat10
Rajagopal et al. [7] Hyperelastic
Neo-Hookean
in vivo gravity loading C1 = 0.08 kPa mat11
Lapuebla-Ferri et al.
[10]
Hyperelastic
Neo-Hookean
based on Samani et al. [106] C1 = 0.54 kPa mat12
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lected. For easier naming of these material afterwards an internal naming
convention was introduced, calling these models mat1 to mat12.
The first material (mat1) is taken from a publication of Samani and Plewes
[105], where a Mooney-Rivlin material formulation is proposed based on
ex vivo indentation test. The second material is from the same group, pub-
lished in Samani et al. [106] where a linear elastic material is proposed. Mat2
is the only linear elastic material that has been used in this study for the
purpose of giving one reference to all the other hyperelastic approaches that
have been used. The next materials are all taken from Tanner et al. [28],
who performed a comprehensive study comparing different material prop-
erties in a virtual mammography setting using finite element simulations.
Mat3 hence is a Neo-Hookean adaption of a linear elastic material property
that has originally been found by Sinkus et al. [108]. The following two are
adaptations of an exponential material formulation [121] that has been con-
verted into a Neo-Hookean approach (mat4) and a Mooney-Rivlin material
(mat5). The original basis of that material properties comes from Wellman
et al. [98]. Furthermore, mat6 and mat7 are adaptations of the linear mate-
rial model derived from elastography measurements by Krouskop et al. [110]
to Neo-Hookean and Mooney-Rivlin materials, respectively. Mat8 is a Neo-
Hookean adaptation of the material properties that have earlier been found
by Samani et al. [104] and mat9 is its Mooney-Rivlin equivalent. Material
mat10 is based on Perez Del Palomar et al. [9], who used a Neo-Hookean
model with parameters found by a fully automated workflow for the deter-
mination of material parameters. Rajagopal et al. [7] performed a study also
with in vivo gravity loading with two volunteers and found two constitutive
parameters for their Neo-Hookean approach. However, only the softer one
was used named as mat11, since the other one was almost identical with
mat3 and hence did not promise additional information. Finally, mat12 is
a Neo-Hookean approach that used constitutive parameters as utilized by
Lapuebla-Ferri et al. [10], that are based on [106]. In table 8.1 an overview
is shown with all the respective material constants given.
In these simulations, all materials are considered to be fully incompressible
in accordance to literature on biological soft tissues [84, 85].
8.5.2 Material parameters for optimizations
In the second part of this study, it is intended to leave the narrow scope of
previously defined material parameters from section 5.2.1 and use a patient
individual optimization of material parameters instead.
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Figure 8.6: Simulation results of standing position with variations of Young’s mod-
ulus from stiff (left) to soft (right).
Before an actual optimization may be performed, the decision for one specific
theoretical material formulation has to be drawn, as a change of theoretical
material formulation with a different number of parameters within one opti-
mization loop is not possible. In preliminary studies it has been found that
more complex material formulations, such as Mooney-Rivlin or Ogden mate-
rials, in a parametric optimization have the disadvantage, that these models
can have parameter combinations that lead to instable material behavior. In
these cases the simulation does not yield a meaningful output variable and
hence an optimization task becomes much more difficult. Because of this
issue and based on the fact that the relatively simple Neo-Hookean material
model is widely used in similar studies in recent years [7, 9, 10, 28], that
material formulation has been chosen for the optimization loop. Due to its
formulation (see also 5.1.1) of two parameters that can be described as initial
shear modulus and initial bulk modulus, respectively, the material is stable
for all combinations of these two values.
As design variables that describe the mechanical behavior of the soft tissue
with Neo-Hookean material, Young’s modulus and Poisson’s ratio have been
used that are inside the loop transformed to their hyperelastic representa-
tions in initial shear modulus and initial bulk modulus. For these particular
optimizations the design space boundaries were set to be 0.39 and 1.17 kPa
for the Young’s modulus (corresponding to a variation of the Neo-Hookean
parameter c1 between 0.065 and 0.195 kPa for fully incompressible material
formulation). This was chosen because that equals a variation of ±50% in
relation to a value from Tanner et al. [28] which has shown to be a good
first guess for the material stiffness in preliminary research (see also results
in section 8.6.1). Figure 8.6 shows the impact of such a variation in material
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Figure 8.7: General outline of the optimization procedure to find best suited ma-
terial parameters for the breast tissue.
stiffness for an example breast model in upright position. The second design
parameter was the Poisson’s ratio which has been varied in the scope of 0.3
to 0.5, with the latter meaning fully incompressible material behavior. The
optimization software package optiSLang (Dynardo, Weimar, Germany) was
used for the parameter identification. As optimization algorithm the adap-
tive response surface method was used to optimally illuminate the design
space and to draw maximal information about the overall system behavior
out of the performed simulations.
8.6 Results of soft tissue simulations of the breast
This section is divided into two different subsections. The fist one lists the
results of the simulations performed with material parameter sets that have
been proposed by other groups in literature. Results of different boundary
conditions (BC A and BC B) are shown in this fraction of the section. The
second subsection gives an overview of the results of the parameters that
have been identified with the aid of an optimization algorithm.
8.6.1 Evaluation of different material models from literature
The iterative algorithm has shown it’s applicability to the inverse problem
of calculating the reference state out of a loaded configuration at the simple
geometry of the virtual test phantom, as shown in section 7.1.
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Table 8.2: Comparison of the surface distances between the FE breast simulation
results and the actual breast geometry obtained by 3-D surface imaging data for
each volunteer with boundary condition A (muscle not deformable) using root-
mean-square values in mm.
Volu. # mat1 mat2 mat3 mat4 mat5 mat6 mat7 mat8 mat9 mat10 mat11 mat12
1 10.57 9.68 6.14 11.69 11.67 11.22 11.28 11.40 11.30 11.33 n.c. 9.67
2 12.86 12.56 10.53 13.39 13.38 13.21 13.23 13.28 13.25 13.25 10.01 12.56
3 14.97 14.20 10.27 16.16 16.13 15.71 15.77 15.88 15.79 15.81 n.c. 14.19
4 16.83 15.53 n.c. 18.38 18.34 17.70 17.78 17.95 17.82 17.85 n.c. 15.54
5 8.06 7.47 5.13 9.00 8.98 8.65 8.69 8.78 8.71 8.73 5.83 7.47
6 9.19 8.49 5.99 10.15 10.13 9.79 9.83 9.92 9.85 9.87 6.86 8.48
7 11.78 11.18 9.00 12.70 12.68 12.35 12.39 12.48 12.41 12.43 n.c. 11.18
8 6.96 6.71 5.84 7.42 7.41 7.26 7.28 7.32 7.29 7.30 6.20 6.70
9 12.86 12.13 9.46 13.94 13.92 13.52 13.57 13.68 13.60 13.61 n.c. 12.12
10 10.11 9.99 9.11 10.37 10.37 10.29 10.30 10.32 10.31 10.31 8.73 9.99
11 10.06 9.96 9.37 10.24 10.24 10.18 10.18 10.20 10.19 10.19 9.11 9.96
12 9.08 8.78 7.09 9.59 9.58 9.41 9.43 9.48 9.45 9.45 n.c. 8.77
13 6.97 6.94 6.66 7.05 7.05 7.03 7.03 7.04 7.03 7.03 6.50 6.95
14 7.60 7.53 6.85 7.77 7.77 7.72 7.73 7.74 7.73 7.73 6.46 7.54
15 9.88 9.59 7.77 10.40 10.39 10.22 10.24 10.29 10.26 10.26 7.14 9.59
16 9.33 8.75 5.89 10.24 10.22 9.90 9.94 10.03 9.96 9.98 n.c. 8.74
17 8.96 8.76 7.34 9.36 9.35 9.23 9.25 9.28 9.25 9.26 6.93 8.76
18 11.22 10.97 9.49 11.64 11.64 11.49 11.51 11.55 11.52 11.53 8.86 10.98
Mean 10.41 9.96 7.76 11.08 11.07 10.83 10.86 10.92 10.87 10.88 7.51 9.95
SD 2.67 2.44 1.74 2.96 2.96 2.83 2.84 2.88 2.85 2.86 1.40 2.44
Max 16.83 15.53 10.53 18.38 18.34 17.70 17.78 17.95 17.82 17.85 10.01 15.54
Min 6.96 6.71 5.13 7.05 7.05 7.03 7.03 7.04 7.03 7.03 5.83 6.70
Two different comparisons are made in this part of the study. First, the
comparisons of results obtained with varying constitutive models are investi-
gated. Since these comparisons are done twice, separately for each of the two
boundary condition groups, this part is called intra boundary comparison.
For BC B not only the 3-D surface comparisons are evaluated, but also the
distances from sternal notch to nipples and the 3-D surface comparisons for
the four quadrants of the breast. Secondly, the full 3-D surface results are
compared between the two boundary conditions hence leading to an inter
boundary condition comparison.
Intra boundary condition comparison
Convergence of the presented simulations algorithm could not be guaranteed
for every participant: for BC A non-convergence (n.c.) was observed 8 times
(mat 3: 1 x n.c.; mat 11: 7 x n.c.) and for BC B 12 times (mat 2: 1 x n.c.;
mat 3: 2 x n.c.; mat 11: 9 x n.c.). However, with 94.0 % (406 of 432)
converged solutions, the algorithm can be classified as robust.
Comparison of different constitutive breast models for BC A
A detailed listing of all comparisons between finite element simulation re-
sults for the standing position and the scanned surfaces as references is given
in Table 8.2. All deviations are integrated over the whole surface and di-
mensioned in mm. Mean values and standard deviations as well as minimal
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Figure 8.8: Comparison of the integrated surface distances [mm] between the FE
breast simulation results and the actual breast geometry obtained by 3-D sur-
face imaging data for each volunteer with boundary condition A (muscle not de-
formable). These box plots are showing median values as well as first and third
quartile while the whiskers are denoting the maximal and minimal values.
and maximal values for all investigated material parameter sets are listed.
A graphical representation of this data is depicted in figure 8.8. This fig-
ure shows an obvious advantage of the material models mat3 and mat11
compared to all the other models (p < 0.01 for all comparisons). When
comparing the two best performing material components to each other, con-
stitutive model mat11 is slightly superior to mat3, however this advantage is
not significant (p = 0.68). In addition, material 11 shows worse convergence
behavior with only 11 converged simulations out of 18 performed. All other
comparisons between the other material models did not yield any significant
differences (p > 0.01).
Comparison of different constitutive breast models for BC B
The simulation results of boundary condition B are shown in Table 8.3.
The corresponding graphical representations of the data are presented in
figure 8.9. Again, an obvious advantage of the material models mat3 and
mat11 is visible (p < 0.01, only comparisons of mat5 to mat11 and mat12
have p-values of 0.0121 and 0.0103, respectively). When comparing material
models mat3 and mat11, no significant difference between these two models is
visible (p = 0.89). Furthermore, no significant differences in the comparison
between anyone of the other material models are apparent (p > 0.01).
8.6. RESULTS OF SOFT TISSUE SIMULATIONS OF THE BREAST105
Table 8.3: Comparison of the surface distances between the FE breast simulation
results and the actual breast geometry obtained by 3-D surface imaging data for
each volunteer with boundary condition B (muscle with constitutional model of
soft tissue) using root-mean-square values in mm (see also [188]).
Volu. # mat1 mat2 mat3 mat4 mat5 mat6 mat7 mat8 mat9 mat10 mat11 mat12
1 10.51 9.50 n.c. 11.69 11.66 11.18 11.23 11.37 11.26 11.29 n.c. 9.49
2 12.75 12.29 9.85 13.39 13.37 13.15 13.18 13.24 13.19 13.21 9.36 12.29
3 14.80 13.83 9.65 16.14 16.12 15.63 15.68 15.82 15.72 15.74 n.c. 13.83
4 16.52 n.c. n.c. 18.36 18.31 17.52 17.62 17.83 17.67 17.71 n.c. 14.78
5 8.03 7.39 5.03 8.99 8.98 8.63 8.67 8.77 8.70 8.71 5.84 7.39
6 8.92 7.93 5.92 10.14 10.11 9.65 9.71 9.83 9.73 9.76 n.c. 7.92
7 11.64 10.88 8.45 12.69 12.67 12.28 12.33 12.43 12.35 12.37 n.c. 10.90
8 6.88 6.56 5.44 7.42 7.41 7.23 7.25 7.30 7.26 7.27 5.81 6.55
9 12.75 11.89 8.83 13.94 13.91 13.46 13.52 13.64 13.55 13.57 n.c. 11.89
10 10.08 9.90 8.89 10.37 10.37 10.27 10.28 10.31 10.29 10.29 8.45 9.91
11 9.97 9.81 8.93 10.23 10.23 10.14 10.15 10.18 10.16 10.16 8.69 9.81
12 8.98 8.58 6.72 9.59 9.58 9.36 9.39 9.45 9.40 9.41 n.c. 8.57
13 6.95 6.91 6.63 7.05 7.05 7.02 7.02 7.03 7.03 7.03 n.c. 6.92
14 7.55 7.43 6.60 7.77 7.76 7.70 7.71 7.72 7.71 7.71 6.24 7.44
15 9.74 9.34 7.01 10.39 10.38 10.16 10.19 10.25 10.20 10.21 6.29 9.33
16 9.14 8.33 4.61 10.22 10.20 9.80 9.85 9.96 9.87 9.89 n.c. 8.31
17 8.87 8.60 6.81 9.35 9.35 9.20 9.22 9.26 9.22 9.23 6.32 8.60
18 11.11 10.73 9.08 11.64 11.63 11.43 11.46 11.51 11.47 11.48 8.92 10.75
Mean 10.29 9.41 7.40 11.08 11.06 10.77 10.80 10.88 10.82 10.84 7.33 9.70
SD 2.62 2.02 1.70 2.96 2.95 2.80 2.82 2.86 2.83 2.83 1.48 2.34
Max 16.52 13.83 9.85 18.36 18.31 17.52 17.62 17.83 17.67 17.71 9.36 14.78
Min 6.88 6.56 4.61 7.05 7.05 7.02 7.02 7.03 7.03 7.03 5.81 6.55
Comparison of sternal notch to nipple distances
The distance between sternal notch and both nipples as a second evaluated
parameter in addition to the whole surface comparisons shows a very similar
outcome. Again, mat3 and mat11 are significantly closer to the distances
measured in the 3-D surface scans acquired in standing position, see 8.10.
Between both models again no statistically significant advantage of either
model could be found (p > 0.01). However, this evaluation shows that mat11
is more often too soft, hence overestimating the real distance (mean value:
−5.65 mm), while mat3 (mean 7.45 mm) similar to all other materials is too
stiff yielding too short sternal notch to nipple distances.
The comparison of the calculated sternal notch to nipple distance showed
that within the best two materials mat3 and mat11 that in mean mat3 is
likely to underestimating the deformation while in contrast mat11 is rather
overestimating it. Hence, it may be concluded that the set of material pa-
rameters that is best suited to describe the mean material behavior of all
subjects included in this study lies in between these two proposed material
stiffness values.
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Figure 8.9: Comparison of the surface distances [mm] between the FE breast sim-
ulation results and the actual breast geometry obtained by 3-D surface imaging
data for each volunteer with boundary condition B (muscle with constitutional
model of soft tissue). These box plots are showing median values as well as first
and third quartile while the whiskers are denoting the maximal and minimal values
(see also [188]).
Comparison of specific quadrants
The additionally performed evaluations of regionally limited surface devia-
tions show that there are significant differences between the quadrants of
the breast, as visualized as mean deviations for each material model and
each quadrant in figure 8.11. Evaluation of the differences equally over all
utilized models yields that the best accordance was found for the lower me-
dial quadrant followed by the upper medial quadrant and the upper lateral
quadrant. The worst accordance was found for the lower lateral quadrant,
all comparisons are highly significant (p < 0.001). The comparison between
the material models shows no different results than the full surface com-
parisons or the distance comparisons. Again the models mat3 and mat11
perform significantly better than the other models (p < 0.001), as shown in
figure 8.11.
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Figure 8.10: Mean sternal notch to nipple distances. Expressed as distance mea-
sured on the 3-D surface scan minus distance measured on simulation model surface
surface. The box plots are showing median values as well as first and third quartile
while the whiskers are denoting the maximal and minimal values (see also [188]).
Influence of the pectoral muscles (inter group comparison)
Comparing the two different boundary conditions (BC A vs. BC B) used
for simulations to each other, BC A shows a slightly better convergence
behavior: 96.3 % converged simulations (208 out of 216) compared to 94.4 %
converged simulations for BC B (204 out of 216). Though there is only a
slight difference in robustness of the two different boundary conditions, it
may be assumed that a fixed boundary condition at the anterior borders of
the major pectoral muscles contributes to stability of the whole simulation
models, since the deformable parts are diminished. A comparison of the
results of all converged simulations for both boundary conditions (n = 204),
yields a highly significant outcome (p < 0.001): The results achieved with
the pectoral muscle modeled with the same material parameters as the soft
tissue (BC B) is in 99.0 % (n = 202) closer to the scanned reference surfaces,
and hence performs remarkably better than the boundary condition with
rigidly fixed muscular compartment (BC A). However, compared to the major
influence of the utilized constitutive model on the simulation’s outcome, the
impact of the variation in boundary conditions is negligible.
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Figure 8.11: Outcome of the statistical evaluations on the four different quadrants
(see also [188]).
8.6.2 Optimization of material parameters
The applicability of the presented workflow for the material parameter iden-
tification for the constitutive models of the breast tissue could be shown.
The whole process chain is automated and thus provides an interface for the
validation of different material parameters.
In figure 8.12, a typical result of an optimization run with adaptive response
surface method is shown. It is evident that there is a clearly defined opti-
mum, i.e. a set of material parameters that is best suited to describe the real
mechanical behavior of the correspondent breast tissue of the subject.
Looking first at the variations in Poisson’s ratio, there is always a decrease
towards higher values, meaning less compressibility. Thus the commonly
used assumption of biological soft tissues to be incompressible or at least
nearly incompressible can be confirmed by these findings. Since this is true
for all tested models, in future work it seems no more necessary to deal with
compressible material models at all, resulting in the reduction of unknown
material parameters.
Taking a further look at the material stiffness (figure 8.13), the Young’s mod-
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Figure 8.12: Example of a response surface of an optimization with ARSM
(adaptive response surface method). Young’s modulus (E, factors to 0.78 kPa
(c1 = 0.13 kPa), as proposed by Tanner et al. [28]) and Poisson’s ratio (PR) are
plotted. Mean deviation between 3-D surface scan in standing position and FEA
result in mm is shown as the height of the response surface as it is objective value
that is to be minimized.
ulus, a clearly defined optimal position can be found. The model behavior is
described by a shallow slope when coming from high Young’s moduli and a
relatively steep increase when the material parameters become too soft.
For all optimizations performed in the presented study, defined global optima
could be found. The individual optima for the eight test subjects that were
included in the optimization runs were found within the range of 0.4938 kPa
to 0.835 kPa for the Young’s modulus (that corresponds to non-linear Neo-
Hookean parameter c1 of 0.0823 kPa to 0.142 kPa). Hence, between the dif-
ferent test persons relatively high differences in soft tissue stiffness of 72.5 %
could be investigated, underlining the need for patient individual simulations.
8.7 Discussion
According to the above described findings, many of the material parameters
proposed in the literature treat the soft tissue as too stiff, i.e. permitting not
enough deformation when gravity loading is applied. The group of relatively
stiff material parameters includes those derived by mono-axial tension tests
and indentations tests [98, 105, 110]. The group of these material models
does not allow enough deformation of the soft tissue to represent the real
behavior of the breast’s soft tissue.
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Figure 8.13: Surface scan in standing position (left) and simulation results of this
position with three different material parameter sets: a too soft material behavior
(factor 0.5), an optimal material parameter (factor 1.0) and a too stiff configuration
(factor 1.5). All factors are referring to the material parameters proposed by
Tanner et al. [28])
In the present study, the material model mat3, with parameters proposed
by Tanner et al. [28] (and very similarly by Rajagopal et al. [7]), and the
material model 11, with parameters from Rajagopal et al. [7] have shown to
be best suited to describe the overall mechanical behavior of the breast under
gravity loading out of the investigated material parameter sets (as seen in
figures 8.8, 8.9, 8.10, 8.11 and tables 8.2 and 8.3). However, between these
two proposed models, no significant difference was observed.
It must be mentioned, that one shortcoming of these two material models is
that they did not deliver simulation results for all calculations. The relatively
compliant material behavior leads to high strains and thus numeric instabili-
ties are more likely to arise, than for stiffer material formulations. Therefore,
further improvement of the robustness of the inverse routine in the domain
of large strains remains necessary. Furthermore, it has been recognized that
breast size had an essential impact on convergence behavior: the larger the
breast size, the more likely is a non-convergence of the calculation due to
excessive deformations.
In both publications that provided the best matching models (Rajagopal
et al. [7], Tanner et al. [28]) the authors used an approach similar to the
one in this study with a simulation model of the breast in natural position
(in vivo). These methods are well suited for the determination of human soft
tissue material parameters, because they can overcome the inherent limita-
tions of all ex vivo experiments with tissue specimens that have to deal with
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the unclear changes in mechanical properties of the tissue after extraction.
Furthermore, the clinical application for the acquisition of patient specific
material properties is easier to realize with non invasive approaches.
The different applied boundary conditions in this study had only a minor
influence on the accuracy of the simulations, as compared to the variations
in constitutive modeling. However, a remarkable advantage of the modeling
where the muscular tissue is treated as being similarly deformable as the
other soft tissue (BC B) could be investigated. In almost all comparisons
(99.0 %) this model showed superior accordance to the 3-D scans compared
to the model with rigid fixation of the muscle (BC A), even though the
differences were small in comparison to the differences in varying material
stiffness. Neglecting the potential influence of additional pectoral muscle
deformations enabled a feasible constitutive breast model comparison in the
presented work.
The level of abstraction in the models utilized in this study is relatively high,
following the initial focus on the mechanical behavior of one specific anatomi-
cal region. However, a more complex anatomical model of the breast, i.e. with
subdivision of the model in fat and fibro-glandular tissues as well as muscle
tissue modeled with different material parameters, might provide even better
accordance between simulation results and surface scanned data. For these
models, the mechanical properties of muscles and skin with their anisotropic
behaviors could also be included in the simulations. However, this raises the
need for a method to find appropriate spacial distributions of the anisotropy
directions. For this purpose some pilot studies have been undertaken by Li
et al. [16, 17, 18]. However, by considering these parts with separate consti-
tutive models, the dimensionality of the problem increases rapidly, leading
to an enormous increase to the number of necessity simulations and hence
computation time.
The advantage of the whole workflow presented here is the non-invasive char-
acter as a combination of volume imaging (MRI) and 3-D surface scanning
(laser triangulation) and the involvement of the computer for the actual sim-
ulation. No tissue samples of the patient’s soft tissue have to be harvested
what is especially a critical issue if the mechanical information derived from
these specimens should be used in operation planning, because this would
mean an additional invasive procedure for the patient. Furthermore, the
expensive and cumbersome experimental testing can be circumvented. The
high variation in stiffness of almost a factor of two between the softest and
the hardest optimal material parameter set found in this study shows the
distinct need for the patient individual assessment of soft tissue material
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parameters. Thus, patient specific simulations seem inevitable and hence,
the advantages of this non-invasive and fully computerized approach become
obvious.
The process chain that is presented in this chapter may in future be used for
the material parameter assessment of hyperelastic parameters that are suited
for patient individual modeling of the constitutive behavior of the female
breast soft tissue. These data may subsequently be utilized for numerical
simulations and planning of complex surgical interventions in plastic surgery.
The presented approach is not limited to an application in plastic surgery of
the female breast. Other potential uses of this procedure for different body
parts, e.g. for abdominal surgery or the simulations of soft tissue compres-
sion caused by prostheses in orthopedic treatments, are also possible but
need to be further investigated. Besides these medical utilizations, there are
also applications beyond that scope in other fields of science, e.g. in the de-
termination of material properties of polymer components. However, more
complex models as the ones that have been used in the study presented here
may in future be necessary when it comes to the application in breast surgery
planning. For instance, further anatomical regions, such as the muscular soft
tissue as well as a distinction of soft tissue into an adipose and a glandular
compartment may yield more accurate anatomical models. These models
may contain more tissues with unknown material properties, thus the di-
mensionality of the design space increases and hence the optimization task
becomes more complex. Furthermore, the influence of the modeling of the
skin may have a decisive role, especially when the anisotropic material prop-
erties are considered. For these models, as well as for the use of more complex
theoretical models such as Mooney-Rivlin or Ogden with more parameters
than just stiffness and compressibility that can be varied, the benefit of the
optimization, e.g. with the software optiSLang R©, becomes instantly more
pronounced.
8.8 Conclusions
Within the above described procedure the most cumbersome and labor in-
tensive steps are in the preprocessing stage. Both, the segmentation of the
volume images provided by the MRI and the manual stitching of the surface
geometries from the 3-D laser scanning device take much time and effort.
This might be a limiting factor when it comes to the application of such a
procedure to the clinical routine where time efficiency is a major factor.
Furthermore, the developed 3-D models do not have any additional informa-
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tions such as predefined anatomical landmarks. These highly relevant posi-
tions have to be defined manually by the user, which brings the inevitable
observer dependence to the whole process chain.
Hence, it is desired to have a more advanced way of modeling the anatom-
ical structure of the breast on the computer that is capable of reducing the
necessary time and manual effort for preprocessing of the 3-D data and that
provides a more standardized means of measure. One possible approach to
derive such models would be the use of so called semantic models which take
into account certain anatomical criteria and are predefined to match a cer-
tain anatomy with their ability to literally know about certain features of
the anatomical model.
Unlike the unstructured meshes that are provided by conventional segmen-
tation and surface merging, an optimized edge flow may be defined that
respects certain anatomical structures and permits even a mesh that consists
of quadrilaterals rather than of triangles. Thus the modeling may be closer to
the real anatomical structures, e.g. the round breast shape or the clavicular
directions may be respected. With this approach a better visualization be-
comes possible that is more natural especially when deformations are applied
to the model such as due to raising the arms.
The predefined anatomically adjusted topology may be individualized by the
use of automated landmark detections, as proposed for other body regions
such as the heart [195, 196], the brain [197], the lung [198], the full body
surface [199] or bone landmarks of the face [200]. Subsequently, thorough
different morphing operations such as iterative smoothing and projections
on the surfaces provided by different imaging modalities the standardized
topological shape may be individualized towards an patient specific geometry.
An application of a similar method is shown in chapter 11 for the human
mandible.
However, the application of these methods to the breast is very challenging
due to the high variability in morphology between different patients. De-
mands to these semantic models are that they must be suited to be adapted
to the breast shapes of all patients. To show the capabilities of semantic mod-
els, two different standard models with optimized topological flow consisting
solely of quadrilaterals are visualized in figure 8.14. In this example, two very
extreme morphological variants are depicted. A pre-operative breast shape
of a patient with moderate breast hypotrophy planning to undergo breast
augmentation surgery and the shape of the breast of a patient with severe
breast hypertrophy in combination with pronounced ptosis, planning to un-
dergo breast reduction surgery. In both cases the same topology is suited to
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Figure 8.14: Two different standard models with optimized topological flow con-
sisting solely of quadrilaterals. Two extreme morphological variants are depicted
with breast hypo- and hypertrophy, respectively.
represent the real geometry.
The advantages of the application of a standardized geometry include the
implicit definition of anatomical landmarks. Thus, both the comparability
between different sets of data of the same patients at different stages of treat-
ment as well as inter patient comparability is satisfied as all meshes share the
same surface topology. Furthermore, these models allow a predefinition stan-
dardized procedures such as different operation techniques for the planning
stage or explanatory visualizations for patient education.
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9 Volume estimation of transplant flaps
Parts of the presented work have been published in a medical journal [14].
That article turned towards a medical readership with the focus on the usage
of the developed application and its clinical impact. The description in this
chapter, in contrast, focuses on the developed process chain and describes it
from a technical point of view.
9.1 Introduction
In breast reconstruction with autologous transplants, corresponding volumes
of the inserted flap and the shape that needs to be reconstructed is an impor-
tant factor next to geometrically suiting flap design. Only if size and shape of
a flap are matching, symmetry may be achieved and a pleasing aesthetic per-
ception of the breast can be regained [11]. To achieve satisfying symmetry
following breast reconstruction, various breast volume measurement tech-
niques have been described including anthropomorphic measurements, water
displacement, molding techniques, mammography, ultrasound, computed to-
mography (CT), magnetic resonance imaging (MRI) and various techniques
involving 3-D surface imaging. However, these proposed methods have the
shortcoming to be unreliable, cumbersome, time consuming or cost intensive
and these limitation application hindered their clinical implementation so
far [156, 201, 202].
But not only the breast volume and shape that needs to be reconstructed
need to be acquired accurately. In the planning stage of autologous tis-
sue flaps, also at the donor site measurements need to be carried out with
the same precision. For that task numerous methods have been presented
using preoperative mathematical calculations of flap dimensions [202–204],
intraoperative water displacement [205] or weight measurements [206] and
preoperative ultrasound assessments [207]. In the last years, computed to-
mography angiography (CTA) has become a reliable clinical diagnostic tool
to precisely determine the vascular perforator supply resulting in improved
surgical outcome and shortened operating times in abdominal free flap breast
reconstruction [208–210]. In addition, the diagnostic application of CTA was
expanded to preoperative flap volume assessment [211–213].
116 9 Volume estimation of transplant flaps
The aim of this part of the work was to pre-operatively determine the planned
flap volume using CTA and to compare this estimated flap values with the ac-
tual intra-operative flap weights to evaluate the accuracy of CTA flap volume
assessment in autologous abdominal breast reconstruction planning. Further-
more, it was analyzed if the estimated abdominal flap volume would match
the required breast volume to be reconstructed using the mastectomy spec-
imen weight in immediate and the contra-lateral breast volume achieved by
3-D surface imaging in delayed reconstruction as the reference volume.
9.2 Developed algorithms
All algorithms described in this section have been developed in the scope
of the present work and were implemented in Python and used together
with the capabilities of Blender R© 2.63 (Blender Foundation, Amsterdam,
Netherlands) to customize the graphical user interface for specific tasks.
In the following the most important steps of the process chain are listed:
• Loading of the geometry data
The program takes segmented surface data that is derived from CTA
imaging in standard STL format. It is assumed that two surfaces are
loaded that are named following a predefined convention. These two
surfaces are the segmented skin surface of the abdominal region and the
posterior demarcation of the region that can be harvested and used as
transplant. This initial step includes automatic coloring with a semi-
transparent visualization of the skin and a correct adjustment of the
orientation of both surfaces in space for optimal graphical display.
• Drawing of the cranial demarcation line
The user is now able to draw a line on the skin surface that is repre-
senting the cranial demarcation of the flap by mouse interaction. It is
important that this is one continuous line. So far the algorithm can
not cope with multiple lines drawn on the same side of the transplant.
• Drawing of the caudal demarcation line
A second line has to be drawn manually by the user again with similar
mouse interactions. The user is free to rotate the view of the model
as desired and in case the lines are not satisfying corrections may be
applied by redrawing these lines. Both demarcation lines are visualized
in figure 9.1.
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• Filling of the space
Both lines are divided equidistantly, while the number of divisions may
be specified by the used. These divisions are then used to form a grid as
linear interpolation between the two drawn lines. For this interpolation
it is possible to specify a second resolution in transversal direction.
• Project on surface
The linearly interpolated grid is projected on the skin surface of the
model to accurately capture the individual geometry of the skin as
segmented from CTA data.
• Dorsal extrusion of the boundaries
The boundaries of the projected flap are selected, i.e. the non-manifold
edges of the object. A parallel extrusion operation is performed on
these boundaries in dorsal direction. The depth of this extrusion may
be specified by the used individually for each patient. It is essential
that the extruded boundaries intersect everywhere with the dorsal de-
marcation surface of the flap, otherwise the subsequent operation may
not be performed correctly.
• Boolean operation
The closed volume of the flap is generated by the application of a
Boolean difference operation between the flap with its extruded side
walls and the segmented dorsal demarcation of the harvesting region.
Figure 9.1 (bottom) shows the extruded flap after the application of
the Boolean operation from different angles.
• Volume calculation
Finally the volume of the flap may be calculated as it is a closed object
with properly orientated normal surfaces. This volume is displayed to
the user and may be used for the further planning of the operation. If
the amount of volume of the flap is not satisfying there is the option
to reset the measurement to the stage of the unaltered loaded the sur-
face data and the measurement may be performed again with a new
drawing.
In order to quantify the repeatability of the developed method 12 measure-
ments have been performed on the same segmented set of data. No reference
photographs were used to guide the observer for the drawing of the demar-
cation lines. This was chosen to mimic the prospective use of the software
in the stage of early planning of the surgery. The coefficient of variation was
calculated as a measure of repeatability.
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Figure 9.1: Flap extruded to the dorsal demarcation of the harvesting region.
9.3 Patient data
Fifty-four female patients undergoing immediate or delayed unilateral breast
reconstruction with a free deep inferior epigastric artery perforator (DIEP)
flap (see section 4.2.2 for a detailed explanation) in the department of plastic
surgery at the Klinikum rechts der Isar in Munich, were enrolled in the
retrospective study. All procedures were performed by experienced surgeons
according to a standardized surgical approach [214]. Collected demographic
data for all patients included age, height, weight and the resulting body
mass index (BMI). The actual weight of the harvested abdominal free flaps
and the weight of the mastectomy specimen serving as the reference breast
volume needed to be reconstructed in immediate breast reconstructions were
weighed in the operating room. However ,the measured flap weights were not
the finally inserted flap weights into the reconstructed breast site (because of
flap trimming and shaping after the weight has been assessed), but the actual
weights that were harvested. In delayed breast reconstructions the reference
breast volume to be reconstructed was determined by calculating the contra-
lateral breast volume in cubic centimeters [cm3] using 3-D surface imaging
described in the following. All patients gave their written informed consent
in accordance with the guidelines of the Ethical Committee of the Medical
Faculty at the Klinikum rechts der Isar, Technische Universität München,
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Figure 9.2: Breast volume measurements performed on the surface data of the
virtual models acquired with the laser scanning device (left), marking of the surface
on the breast that should be used for volume calculation (middle) and final breast
volume (right).
Germany and the Declaration of Helsinki protocols were followed.
9.3.1 3-D breast surface imaging
3-D breast surface imaging data were obtained before surgery using a laser
scanning device. The protocol that has been used is in detail described in
section 6.1. The final breast volume analysis on the contra-lateral breast in
delayed breast reconstruction was performed by the means of specific soft-
ware (Geomagic Studio R© 12, Raindrop Geomagic, Morrisville, NC, USA)
as described in previous publications [154–158, 160]. An example of this
procedure is visualized in figure 9.2.
9.3.2 CTA imaging of the abdominal region
All patients underwent preoperative CTA to determine the abdominal vas-
cular perforator supply for the DIEP flap as part of the routine surgical
planning. CTA scans were performed according to a previously published
protocol in supine position. Details on the protocol are described in subsec-
tion 6.2.3 [14].
9.3.3 Flap volume measurement
The CTA scan images were saved in DICOM format and loaded into the
software Mimics R© 14.0 (Materialise, Leuven, Belgium) to perform semi-
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Figure 9.3: CTA image of the donor region for flap raising in sagittal and ax-
ial views. There is enough contrast to segment the adipose tissue that can be
harvested. White lines illustrate the boundaries of the possible regions.
automatic segmentation, 3-D reconstruction and generation of a virtual 3-D
abdominal model including the subcutaneous fat tissue from the skin to the
abdominal musculature (figure 9.3). The segmented models were saved in
STL file formats similar to previous studies [155–157, 215].
The triangulated surfaces of the abdominal models were imported into the
free open source software Blender R© 2.63 (Blender Foundation, Amsterdam,
Netherlands). According to the photo documentations of the preoperative
markings of the operating surgeon, the planned flap outline was sketched on
the virtual 3-D model of the segmented abdomen. For this procedure, the
cranial and caudal boundaries of the flap have to be sketched with the method
described above and all subsequent calculations are preformed likewise until
the flap volume may be calculated. The volume of the virtually defined flap
based on the preoperative CTA data is hence containing the subcutaneous
fat tissue from the skin to the abdominal muscles. The estimated virtual 3-D
flap volume [cm3 ] and the actual intraoperative flap weight [g] after harvest-
ing were compared assuming that adipose tissue density in the DIEP flap
is approximately 1.0 g/cm3 [12, 13]. In addition, the breast volume needed
for reconstruction and the estimated abdominal free flap volumes to be har-
vested were compared by calculating a breast volume to flap volume ratio
to indicate the required quantity of abdominal tissue to achieve acceptable
breast symmetry.
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Figure 9.4: Results of the volume assessment show no significant variabilities.
9.4 Results
This results section is divided in two parts the first one shows the results
of the repeatability study while the latter is giving a reference between the
calculated flap volume and the flap weight that has been measured intra-
operatively.
9.4.1 Repeatability study
For the investigation of repeatability one set of demarcation lines was drawn
consecutively on the same set of data 12 times by the same observer and
the calculated volume was documented. The mean volume was found to
be 531.93 cm3 with a standard deviation of 9.81 cm3 (figure 9.4), yielding
a coefficient of variation of 1.846 %. Due to this low coefficient of varia-
tion the defined algorithm can be classified as being reproducible which is a
mandatory requirement for the use of such an algorithm in surgical planning.
9.4.2 Flap volume estimations
CTA based 3-D abdominal assessment for reliable flap volume determination
was possible for a total of forty women (74.1%), because fourteen datasets
showed substantial abdominal soft tissue deformations (n = 13) caused by
tight clothing or by inadequate CT data acquisition (n = 1) resulting in a
too small vertical scan field. Twenty-six reconstructions were immediate and
fourteen were delayed.
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Figure 9.5: Correlation between the mean estimated CTA based 3-D flap volume
in cubic centimeters [cm3] and the average actual intraoperative (intra OP) flap
weight in grams [g] [14].
CTA based 3-D flap volume prediction accuracy
The mean estimated CTA based 3-D flap volume was 725.1 ± 298.8 cm3
(range: 208–1316 cm3) as it has been assessed with the above described
procedure. The average intra-operative weight of the harvested flap was
723.1± 294.0 g (range: 204–1300 g). Assuming an adipose tissue density of
1.0 g/cm3 [12, 13], the mean relative difference between the estimated flap
volume and the harvested flaps was 0.29%±3% (range: −8.77–5.67%), corre-
sponding to an absolute volume difference of 2.1±17.0 g (range: −29.0–52.0 g).
The estimated flap volume showed no relevant differences to the actual ob-
served flap weight (p = 0.44) and highly significantly correlated (r = 0.998,
p < 0.001) to each other (see figure 9.5), demonstrating a high measure-
ment accuracy of the CTA based 3-D flap volume prediction. No significant
difference in flap volume predictions between immediate and delayed breast
reconstructions was observed (p > 0.05).
Breast volume to flap volume ratio
The ratio between the breast volume and the abdominal flap volume obtained
by CTA based predictions indicated the needed quantity of abdominal tissue
9.5. DISCUSSION 123
to reconstruct a symmetric breast. A value of 1.0 indicates no difference,
a value > 1.0 shows larger breast volumes compared to the available flap
volume and a value of < 1.0 represents sufficient abdominal tissue volume
to match the needed breast volume. The average needed breast volume to
be reconstructed was 568.0± 270.5 cm3 (range: 115–1400 cm3) compared to
the mean estimated flap volume of 725.2± 298.8 cm3. The resulting average
breast volume to flap volume ratio was 0.79±0.20 (range: 0.36–1.28), showing
significantly larger harvested flap volumes than the required breast volumes
for reconstruction (p < 0.001) with a mean absolute flap volume excess of
157.1 ± 167.2 g (range: −146–546 g). On average, 21.0% of the total flap
volume were excessively harvested and could be finally discarded to achieve
breast symmetry during flap trimming and inset. No significant difference in
breast volume to flap volume ratios between immediate and delayed breast
reconstructions was observed (p > 0.05).
9.5 Discussion
Several studies have demonstrated the clinical efficacy of pre-surgical CTA
for DIEP flap breast reconstruction, including reduced risk of donor site
and flap complications combined with decreased surgical times and overall
costs [208, 209, 209–212]. Although CTA has improved perforator mapping
to facilitate surgery (see section 6.2.3), most surgeons still harvest intention-
ally too much flap volume to avoid breast size mismatch and rather discard
the excessive tissue during final flap trimming, by this process potentially in-
creases the risk of donor site morbidity [207]. In this study it was found that
21.0 % of the total flap volume, was harvested but not needed for symmet-
ric breast reconstruction and would be discarded during final flap shaping.
These findings are comparable to the study of Kim et al. [212] who also
demonstrated a mean CTA breast volume to flap volume ratio of 0.79. The
clinical benefit of expanding the diagnostic application of CTA to estimate
the needed amount of flap volume prior to surgery according to the breast to
flap volume ratio, may help surgeons to intra-operatively decrease the time
spent for final flap trimming during insetting, potentially minimize donor
site closure tension with reduced scar widening and to optimize postopera-
tive breast symmetry in the future.
The presented approach has obvious advantages over existing planning tech-
niques for breast reconstruction, but is currently limited regarding preoper-
ative flap design. One technique to optimize preoperative flap design is to
predefine the flap dimensions using a template created from the contra-lateral
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breast contour [37, 216]. Another approach in delayed reconstruction applies
3-D surface imaging to create a breast replica of the contra-lateral healthy
side by additive manufacturing which serves as a mold during intraoperative
breast shaping [38]. Both methods are described in detail in section 4.2.2.
9.6 Conclusions
The approach consisting of CTA and computer aided planning as it is pre-
sented in this chapter enables accurate 3-D free flap volume prediction in
autologous abdominal breast reconstruction and delivers breast volume to
flap volume ratio calculation in combination with 3-D surface imaging. This
preoperative evaluation gives valuable additional information to the surgeon
with reliable guidelines concerning the needed amount of abdominal tissue
to be harvested to regain breast symmetry. The combination of 3-D breast
surface imaging and volume imaging of the abdominal region will open up
a wide range of new possibilities in autologous free flap breast reconstruc-
tion planning in the future, as e.g. the next chapter shows two promising
adaptations of conventional planning approaches into a digital process chain.
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The basic concepts of the methods described in this chapter have been pre-
sented at a conference on 3-D imaging and published in its proceedings [217].
10.1 Introduction
Due to the lack of objective volume planning tools in breast reconstruction
with autologous tissue, the surgeons intentionally raise more volume from
the donor region than is necessary to regain symmetry. The reason for that
mismatch is that it is possible to trim the flap at the recipient location by
cutting parts of it, but it is impossible to add volume after the flap has been
raised. The amount of excessively harvested tissue from the abdominal region
was found to be about 21 %, accordingly by Kim et al. [212] and Eder et al.
[14] (see also chapter 9 of the present work). This leads to donor site defects
that are bigger than necessary and furthermore, the trimming procedure may
lead to an increased rate of flap morbidity due to mechanical stresses on the
transplant and the longer duration of the procedure until the desired final
shape is reached.
Hence, it is desired to have objective planning methods that can help the
surgeon at the planning stage of the breast reconstruction operation. In
chapter 9 a method has been introduced to calculate the volume of a flap
virtually before the actual harvest has been undertaken. In that computer
aided approach the user has the possibility to cut the transplant virtually on
a segmented model based on CTA imaging. In that approach the cutting lines
are placed manually on the 3-D skin surface and no computer optimization
of the flap’s outline is performed. Instead, the volume is the only parameter
that may be considered by this approach. Even though this is valuable
information for the operating surgeon in breast reconstruction planning, the
volume of flap is not the only parameter that is necessary for the aesthetic
perception of the breast. Its shape is also an important factor that has to
be considered during the planning of reconstructive surgery [11]. Hence, in
addition to the methods of volume prediction, more elaborate methods that
are able to consider other shape parameters have to be developed to help the
surgeon in the planning stage of those operations. These may be used to aid
126 10 Computer aided planning of breast reconstructions
the surgeon by proposing flap delimitations on the skin surface that facilitate
flap raising in the optimal dimension and shape.
Different methods for that task have been proposed by previous works of
other research groups, however, those methods do not rely on computer-
ized calculations. Two of these approaches are described in detail in subsec-
tion 4.2.2. The first proposed technique to optimize preoperative flap design
is to predefine the flap dimensions using a paper template created from the di-
mensions of the healthy contra-lateral breast contour [37]. Another approach
in delayed reconstruction applies 3-D surface imaging to create a breast cast
of the mirrored healthy breast by automated manufacturing which serves then
as a breast shaped bowl during intraoperative breast shaping [38]. Both pro-
cedures are cumbersome and time consuming and in addition for the latter
one specific requirements for sterilization of the manufactured mold have to
be fulfilled. None of these approaches takes the required breast volume that
is needed for symmetric reconstruction into account, which is an essential
parameter for aesthetically pleasing results.
In recent years computer aided methods have been proposed for breast aug-
mentation surgery with implants [10, 118, 218–221]. Though these tools show
promising first applications, they are all either at the stage of research or at
a very early stage of commercialization and have not found their way to be
routinely used by a large community of surgeons. For reconstructive plastic
surgery in contrast, comparable tools are not available at all.
In order to show the potential of computer aided methods in the field of
reconstructive breast surgery, in this chapter an implementation of the two
different conventional planning methods introduced by Tregaskiss et al. [37]
and Ahcan et al. [38] are described. In the scope of the present work, both
methods are expanded through an integration into a fully digital process
chain by the use of computer aided engineering and for the latter one also
finite element simulations.
Though both methods may be used simply and rapidly and thus an ap-
plication to a multitude of patient’s data set was performed, due to the
limited space in this thesis the application of the two developed computer
aided planning methods is shown only exemplary for one particular patient
to demonstrate the applicability of the methods. It is intended to publish
the presented approaches used for a larger cohort of patients in appropriate
scientific journals.
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10.2 Developed algorithms
Two methods, as they are described in section 4.2.1, have been implemented
to form two separate digital workflows. The presented use of modern imag-
ing technology and computational applications may provide an essential im-
provement to those proposed procedures that may permit a better planning
of breast reconstruction surgery. In the following the digital process chains
as visualized in figures 10.1 and 10.2 are described in detail with all essential
steps.
10.2.1 Template based method
The construction formula of the template was adopted as proposed in the
paper by Tregaskiss et al. [37]. The difference is that the distance measures
are performed virtually on a 3-D surface scan model instead of directly on
the patient. Furthermore, the novel process can automatically construct the
template shape without the necessity of manual drawings with pencil and
circle to create the template, as proposed in the publication. In order to
translate the manual method to the computer, a Python script was created
in Blender R© 2.63 (Blender Foundation, Amsterdam, Netherlands) that pro-
vides a graphical user interface for each step of the procedure.
• 3-D surface scans
The skin surface of the patient in standing position is acquired with
3-D laser scanning techniques according to the method described pre-
viously [154–158, 160].
• Mirroring of the healthy breast
The healthy breast is selected and mirrored to the other side. Boolean
operations allow the assessment of missing surfaces and volumes in
patients with delayed breast reconstructions [14, 154, 155].
• Measuring of distances
The distances for the construction of the flap template are measured on
the 3-D model with lines that are drawn on the surface of the remaining
healthy breast (see figure 10.1 a). The interface allows for the correction
of specific lines by pressing a reset button. In case the surgeon does
not have access to a 3-D scanning device, there is a second opportunity
to used the computational planning. In this option it is possible to
directly write the measured values in specified input fields that take
the distance information for the further process.
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Figure 10.1: Principle process chain for the template based method.
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• Segmenting of the donor site
The template needs to be put in relation to the donor site at the ab-
dominal region. Thus, a segmentation of that region based on CTA
imaging data is performed to acquire the 3-D geometry of the potential
harvesting region. This segmentation process is identical to the one
described in chapter 9.
• Template construction
A fully automatic calculation of the template shape based on the con-
struction guidelines specified by Tregaskiss et al. [37] is performed in
this step.
The only difference to the publication is that no construction tem-
plate for the curvature of the infill to scar part (i.e. upper region with
deepitelized skin part) is given in the paper, hence it was excluded in
the modeling of the virtual workflow. This is not a general limitation
of the method but a simplification due to insufficient information that
has been provided in the literature reference [37].
When the user is satisfied with the drawn strokes the template calcu-
lation according to relatively simple trigonometric equations is started.
There are cases when the combination of distances does not allow the
construction of a flap, i.e. when a specific length is too long or too short
to match the rest of the distances. In that case a meaningful error mes-
sage is displayed by the program and the user has the opportunity to
adjust the measurements.
• Positioning of the template
The flat template can now be virtually placed over the donor site and
projected on the skin surface to match its curvature (see figure 10.1
c). Rotations and translations may be adjusted in the graphical user
interface in this step if necessary.
• Calculation of flap volume
In this step based on the template at the segmented curved skin surface
a fully closed outer surface is calculated that allows for the calculation
of a potential flap volume. The backward projection is then performed
with the algorithm that has been described in detail in chapter 9 and
published in [14]. The difference in this procedure is that the outline
of the flap is based on the template construction and not as in the
previously mentioned process chain based on manual drawings on the
abdominal surface.
130 10 Computer aided planning of breast reconstructions
• Comparison of calculated and necessary volumes
The volume of the potential flap that would be raised if the constructed
template was used as a surgical guide may now be compared to the vol-
ume that is needed for reconstruction as it was calculated based on the
surface scan in standing position. In cases of mismatch between these
volumes, the positioning of the template above the skin of the abdomen
may be changed to find a better suited donor region. Another possibil-
ity would be to alter the distances that are used for the construction
of the template. That, however bears the limitation that the template
is then no longer based exactly on the measurements on the healthy
breast.
In this computational adaption of the original template method no actual
physical simulation using a continuum mechanics approach is performed as
the flat template that is constructed according to the proposed guidelines
is only projected towards the curved skin surface at the abdominal region.
Because the region of interest is rather flat, it is assumed that the simulation
of the actual process of laying a template on the donor site, e.g. with the
material properties of regular paper, has only minor influence on the outer
boundaries that mark the guides for the surgical cuts as compared to the
simple projection operation.
In order to show the applicability of the presented method it is performed
for one patient on an example set of data. For the investigation of sensitivi-
ties of the algorithm towards inaccuracies in the measuring process, certain
variations were applied to the measured distance parameters. In that scope
variations of each parameter in the range of ± 50 mm were performed in
steps of 1 mm. Furthermore, the sensitivity of the process towards inac-
curacies of the template positioning was investigated. Variations of the flap
position above the abdominal donor region were applied likewise in the range
of ± 50 mm in both, the lateral and transverse (i.e. axial) direction. Each,
parameter was varied separately from the other variations in the six distance
parameters and the two position parameters. This design of experiments
yields 801 volume calculations that were conducted and evaluated in an au-
tomated process.
10.2.2 Virtual breast cast method
The methods proposed by Ahcan et al. [38] were also translated to a virtual
process chain that permits a fully computerized procedure (see figure 10.2
for a visualization of the concept).
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Figure 10.2: Principle process chain for the cast based method. Top row shows the
segmentation of the maximal harvesting region on the abdomen from volumetric
CTA images and the volume mesh representation of the flap. The bottom row
shows the mirroring of the healthy breast to the amputation side and the virtual
cast that is generated from this geometry. It is rotated to form a bowl shaped
target surface for the simulation and extruded at its side to provide enough contact
surface to hold the flap. A final position with the flap laid in the breast cast is
shown on the right.
The data acquisition process remains similar to the published procedure with
the 3-D surface scan in standing position. However, one additional imaging
modality is used with volumetric imaging of the donor site. In the present
work the routinely performed CTA scans were utilized. Based on that imag-
ing, the maximum flap geometry that may be harvested in the operation
room can be defined. That flap geometry can now be virtually harvested
and may be placed on top of the cast that has been shaped according to the
mirrored healthy breast prior to the actual operation.
In the following the single steps that are necessary to perform that algorithm
are listed:
• Definition of the target geometry
A mirroring of the healthy side that has been acquired from 3-D surface
scans in standing position is performed. With Boolean operations the
parts that are missing to regain symmetry can be found.
• Segmentation of maximal harvesting region
The possible harvesting region is segmented like for the previous com-
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puter adapted procedure described above and likewise previously in
chapter 9.
• Definition of flap outlines
The lateral demarcations of the flap are drawn on the segmented model
of the donor site according to the method for volume calculation in
chapter 9. In this step, however, the maximally possible dimensions of
flap as they are limited by anatomical restrictions are chosen. This is a
step that requires distinct medical knowledge and surgical experience.
• FEM volume meshing of the flap
The meshing of the flap is performed with a sweep operation that uses
a projection of the shell mesh at skin level surface backwards to the
posterior demarcation of the harvesting region. As a mesh of only
quadrilateral elements at skin level is extruded backwards a completely
a hexagonal mesh can be created (see figure 10.2).
• Surface meshing of the cast
Now, the target elements at the cast are generated based on the shape
of the mirrored healthy breast. But not only the actually necessary
part that is derived from the Boolean operation of the mirrored breast
is meshed with target elements: A lateral extrusion is performed in
order to have enough surface to place the relatively big flap on the
cast, as preliminary simulations showed that this is necessary for the
flap to come to rest in the cast and preventing it from falling to any side.
A differentiation between the actual breast mold and the surrounding
region is made that allows to distinguish the parts that are inside the
breast mold and thus should be harvested from the ones that may stay
at the abdominal region.
• Positioning of the cast beneath the segmented excessive flap
The positioning of the flap above the cast is essential for the later
position of the harvesting region. Because depending on the starting
region, the harvesting position may be at different locations. However,
it is technically more straight forward to implement the movement of
the breast mold beneath the flap so that the flap stays in fixed relation
to the volume data of the abdominal donor region.
• Finite element simulation
In the finite element simulation step the flap virtually falls in the cast.
In this highly nonlinear simulation the contact between the skin surface
of the flap and the rigid target elements of the virtual cast is considered.
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• Virtual trimming
When the finite element simulation is finished and the flap has come
to a resting position in the mirrored breast mold, a virtual trimming
is performed. That is implemented by an algorithm that selects all
surface elements of the flap that are in contact with the cast. For the
selection a heuristically chosen distance threshold of 10 mm showed to
deliver satisfying results.
• Inverse transformation to initial positioning
With the information on the skin surface elements of the flap that are
in contact with the breast mold, an inverse transformation of these ele-
ments to their initial position at the start of the simulation is possible.
As this state was in reference to the initial segmentation based on the
CTA volume images, the harvesting region on the abdominal surface is
now known.
• Volume calculation
According to the method introduced in chapter 9 a calculation of the
volume that lies behind the simulated flap demarcations may be per-
formed. A comparison to the necessary volume for symmetric breast
reconstruction may finally be performed and further steps of operation
planning may be initiated.
The shape of the mirrored healthy breast that is in the initial publication by
Ahcan et al. [38] used to really fabricate the breast cast, is in the proposed
method used virtually, i.e. the geometry is used as a boundary condition for
a finite element simulation. Because of the high stiffness of the plastic cast
compared to the soft adipose tissue of the flap the breast replica shape is
modeled as a rigid contact surface. The meshed volume of the maximal flap
shape is placed above the bowl shape of the cast and a contact simulation is
performed.
There is a lack of material data in literature for the abdominal adipose tissue.
The only accessible publication that deals with this issue so far is by Sommer
et al. [222]. The theoretical material model that is used in that publication to
model the mechanical behavior of the hyperelastic anisotropic tissue [223] is
not directly available in Ansys R©. Thus, a Neo-Hookean material model was
chosen as this formulation showed best accordance with measured material
data in the breast region (see chapter 8) and hence the material properties
that showed best results in that part of the work were adopted [28, 119].
The whole transplant was modeled homogeneous and isotropic, as no pre-
ferred direction of abdominal adipose tissue is known [222]. The flap was
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meshed with hexahedron elements with mixed u-p formulation. Rigid con-
tact elements were used for the modeling of the breast shaped cast and the
contact detection algorithm that was chosen in Ansys R© was the pure La-
grange method [224].
As a poof of concept the algorithm was applied to one patient’s set of imaging
data. A variation of initial positioning of the flap with respect to the breast
shaped cast was performed to investigate the changes in shape and volume
of the flap if different potential harvesting sites are used. For that purpose
a position in the center of the harvesting region was defined as a central
reference point. Starting from this position a variation in ± 20 mm in both
the lateral and the transversal direction was applied in steps of 10 mm,
yielding 25 different initial positions.
10.3 Patient data
Due to the limited space of the present thesis the application of the two
developed computer aided planning methods are shown only in the appli-
cation for one particular patient’s data to demonstrate the applicability of
the methods. For the imaging data from breast reconstruction patients that
was used for this part of the work see section 9.3, where all utilized image
acquisition methods are described.
For the purpose of demonstration, one exemplary patient was randomly se-
lected from the whole cohort available for the volume calculation study. The
type of reconstruction was delayed breast reconstruction (i.e. with a certain
time interval between tumor removal and reconstruction) and a microsurgi-
cal DIEP flap from the abdominal region was the transplantation technique
that was found to be suitable for that patient.
All necessary imaging data of the patient were accessible and this study was
performed retrospectively, i.e. the actual breast reconstruction operation has
been already performed based on conventional planning. Before the operation
the patient had a routinely performed volumetric CT Angio examination
for the investigation of blood vessel supply both in the donor and recipient
region (see subsection 6.2.3 for details). Based on that data is was possible to
segment the skin surface of the patient as well as the backward limitation of
the harvesting region for the DIEP flap, which is the border between adipose
and muscular tissue on the abdomen. Because of high contrast between
these tissues in the CTA images the segmentations of these surfaces is simple
and only few manual efforts have to be put into that task. Furthermore,
surface scans of the patient were performed with the methods described in
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Table 10.1: Distance measurements on virtual skin surface model, according to
Tregaskiss et al. [37]
Distance Value in [mm]
Infill to scar 37.169
Lateral infra-mammary fold 114.236
Lateral component of scar 97.401
Medial infra-mammary fold 114.903
Medial component of scar 107.120
Point of maximal projection to infra-mammary fold 61.201
Scar to point of maximal projection 67.635
Figure 10.3: Pre-operative surface scan data of the patient with removed right
breast (left). Mirrored healthy left side moved to the adequate position, visualized
in darker gray, frontal and semi-lateral views (middle and right). Boolean opera-
tions were performed to calculate both the missing volume and the surface of the
mirrored part.
section 6.1 to acquire full surfaces of the patient’s chest. Images where taken
pre-operatively and post-operatively with enough time to the intervention so
that any swelling was overcome, but only the pre-operative image data was
used in this study as the procedure is intended to be used in the planning
stage before the actual operation. No supplemental data such as patient age,
height or BMI was assessed.
The distance measurements on the 3-D surface of the breast, as scanned in
standing position, were conducted on the virtual skin surface according to the
proposed guidelines from Tregaskiss et al. [37]. The measures are visualized
in figure 10.1 and the measured distance values are listed in table 10.1.
Mirroring of the surface scan data from the healthy left side of the patient
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allows the calculation of the missing volume and the missing surface area. For
a visualization of that procedure see figure 10.3. The process of assessment of
volume and surface data has been previously described [154–158, 160]. The
missing volume was found to be 590.5 cm3 and the missing surface area was
calculated to be 354.0 cm2.
10.4 Results
This results section is divided in two parts. The first one shows the results
that are generated with the template based method, while the second part
summarizes the simulation results obtained with the virtual cast approach.
10.4.1 Results of virtual template technique
In order to investigate the robustness of the developed technique towards
inaccuracies in measurements on the breast or placements of the template on
the abdominal region, these geometric parameters were varied and the calcu-
lations of flap volume were performed. The sensitivities of the approach to-
wards the different variations were calculated and are graphically illustrated
in figure 10.4.
According to the findings from the investigated patient, most influential are
the two vertical distance measures that are connecting the scar with the point
of maximal projection and the latter with the median of the infra-mammary
fold. For the construction of the template these are the middle line and the
two bottom lines (as depicted in figure 4.5). Hence, when these two pa-
rameters are altered the flap volume changes the most. The parameter that
showed the third most importance in this study was the transversal position
of the flap. This is due to the different thickness of subcutaneous fat tissue
on different regions of the abdomen. The variation in transversal direction is
more pronounced than the variation in lateral direction. Hence, a variation
of the flap template positioning on the abdominal surface in transversal di-
rection may be used to adjust the harvesting volume according to the needs
for symmetric breast reconstruction. However, it has always to be kept in
mind that the anatomical restriction of the supporting blood vessels have to
be considered when flap raising is planned. Variations in the other distances
had only marginal influence on the flap volume. That means that inaccura-
cies in these distances are less influential on the calculated volume. This is
especially important for the two distances that are measured along the infra-
mammary fold. As the fold is often occluded for 3-D surface scans in patients
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Figure 10.4: Graph that is showing the sensitivity of the assessed volume towards
variation in geometry. The six relevant measures are varied and in addition to
that two variations in the position of the template with respect to the abdominal
surface have been incorporated in lateral and transversal direction, as depicted in
the bottom row.
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with ptotic (i.e. hanging) breasts the measurements of these distanced on the
virtual models are assumed to be the ones that are most critical.
A comparison between the volumes that were calculated with the described
method and the one that was assessed from the mirrored 3-D surface scan
with boolean operation shows that the average harvesting volume was too
small with a value of only 337.0 cm3. However, when this comparison is made
it has to be stated that the computational method that was used here does
not take the part of the flap above the scar into account, because it has not
been described mathematically by Tregaskiss et al. [37]. This part would add
a certain volume to the flap that would bring the calculated volume closer
to the one that is needed at the breast. It is speculative how much volume
would be added by the consideration of this part, but it is assumed that the
added volume might not be sufficient to equalize the difference. Hence, it
may be expected that a certain increase of the template size would be needed
to acquire sufficient volume for symmetric reconstruction.
10.4.2 Results of the breast cast method
Also the second process showed to be applicable for the chosen geometry as
simulation models could be generated based upon these data and simulations
of the placement of the flap in the virtual mold could be performed. The
finite element simulations showed to be robust as they delivered results in 24
out of the 25 conducted runs that have been conducted. Non-convergence
was witnessed only in one occasion, thus with a rate of convergence of 96 %
the process may be classified as robust. The cause of the simulation failure
was that the flap was ill positioned which lead to a sliding of the flap over
a side boundary of the cast model. A further elaboration on constraints for
the initial positioning of the flap may further improve the performance of the
method.
Typical visualizations of the deformed flaps that are laying in the virtual
breast cast can be seen in figure 10.5. Detailed results of the positional
variations may be read from table 10.2. There, both the volumes and the
surfaces calculated with the virtual cast method are shown.
The volume that has been calculated by the use of this method is significantly
higher than the volume that is needed for breast reconstruction as calculated
from the comparison of the amputated breast side to the healthy breast. A
mean volume of 739.7 ± 56.0 cm3 with the lowest calculated volume of
640.6 cm3 compared to the necessary 590.5 cm3 as is was assessed based on
the volume scans. Thus the simulated flap shapes may provide more than
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Figure 10.5: Three examples of different flap positions. Top row: initial posi-
tions of the maximal harvesting region. Bottom row: results of the finite element
calculation. The limb flap adapts the shape of the rigid cast.
sufficient tissue for a symmetric reconstruction of the breast. The excessive
volume may be discarded at the stage of final trimming on the recipient site.
The amount of excessive volume of 8.48 % for the smallest proposed flap is
considerably lower than the average 21 % that are excessively harvested in
clinical routine [14, 212].
Like for the template based approach, again the variations in transversal
direction had the most impact on the volume of the flap. The variation in
lateral direction instead had only minor influence on the volume.
The same is true for the calculated skin surface. Here, also an increase in
cranial direction is discernible, while the lateral variations had negligible
influence. A comparison of that calculated surfaces and the one that was
evaluated as the missing surface on the mirrored breast of 354.0 cm2 shows
all calculated surfaces are too small with a maximum of 277.9 cm2. However,
the lack of skin surface is less critical as there is usually enough skin surface
on the recipient site that does not need to be discarded and that can be used
for the shaping of the flap in case some additional surface is needed.
10.5 Discussion
Two different proposed methods for breast reconstruction planning [37, 38]
that do not yet take advantage of all accessible possibilities of modern medical
imaging have been transformed in the scope of this work to form computer
aided processes. Both showed to be applicable for the utilized geometric
data and delivered promising primary results that motivate further research
in that field.
140 10 Computer aided planning of breast reconstructions
Table 10.2: Volumes in [cm3] and flap surface in [cm2] that have been found by
the use of the cast method. "n.c." indicates non-convergence of the finite element
calculation
calculated flap volume [cm3 ]
variations in lateral direction [mm]
-20 -10 0 10 20
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n
-20 640.6 673.0 725.8 772.3 796.7
-10 652.2 691.0 742.0 778.5 790.2
0 n.c. 697.5 763.3 795.6 810.2
+10 662.3 713.2 753.6 785.3 810.3
+20 652.8 711.4 746.6 777.1 810.7
calculated flap surface [cm2 ]
variations in lateral direction [mm]
nix -20 -10 0 10 20
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n
-20 239.4 248.4 264.1 276.2 277.9
-10 240.5 251.6 265.6 273.2 269.8
0 n.c. 250.6 269.1 274.3 272.2
10 241.1 255.0 264.8 270.0 272.2
20 239.6 256.7 264.1 269.9 275.0
Template based reconstruction planning
The first process chain is based on Tregaskiss et al. [37] who used manual
measurements on the healthy side of the breast to create a paper template
with pencil and circle construction. In the present work the whole method
was transferred to the computer. That allows the easy measurement of the
relevant distances on a 3-D scanned virtual model. Thus the planning may
be performed even in absence of the patient. The measurement of the length
of a curved line is easier to be performed by the computer on a virtual 3-D
model of the breast as is may be performed by manual measurements with a
measuring tape. In addition, the implemented construction of the template
is an action that is calculated instantaneously without any further manual
interactions. The virtual template that may be placed over the donor region,
that is available from CTA segmentations, can then be used to perform the
flap harvesting virtually before the actual operation.
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Figure 10.6: Four examples of results obtained for the same patients with different
initial positions of the flap in relation to the virtual cast.
One major advantage of the proposed digital workflow is that the virtual
planning may also consider the volume that is not determined in the origi-
nal method by Tregaskiss et al. [37]. Therefore, in the present case, a scale
adjustment of the template may be preformed according to find better corre-
spondence to the volume calculations and hence the operative outcome may
be better planned. The planned volume showed not to be overly sensitive to
small changes neither in the size of the flap nor the positioning of the tem-
plate. Hence, at least the fully digital part of the workflow is robust towards
inaccuracies. However, the clinical applicability of this method needs to be
investigated and thus all conclusions on the accuracy of the whole procedure
remain speculative at this stage of research.
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The part that is freed from skin (i.e. the part that is placed above the scar at
the recipient region) has not been considered in the digital workflow and may
provide additional volume for the flap to receive better accordance between
the desired volume as taken from the mirrored healthy side and the planned
volume at the donor site. A further shortcoming of the presented workflow
is the inaccuracy that is made by the pure projection of the flat template
towards the curved abdominal skin surface. A better procedure would be
to use a physics based simulation to lay the template on the skin surface,
similarly to the positioning of the paper template on the patient’s skin surface
in the operating room.
The fact that the process is fully computerized bears the advantage that in
case the flap volume would be too small to regain symmetric breasts, the
surgeon may adjust the flap outlines or its positioning on the abdominal
surface. In the operating room, when the scalpel has already been applied,
these corrections would no longer be possible. That is the biggest benefit
of the presented workflow as it allows for easy adjustment of the planned
surgery prior to the actual intervention.
However, one difficult part of the use of 3-D scanning devices in that applica-
tion is that the infra-mammary fold is often occluded by the breast. In that
case it may not be assessed directly from surface scans that where acquired
in standing position. In these cases the length of the infra-mammary fold has
to be either estimated on the captured part of the skin surface or measured
conventionally on the patient. The accuracy of that estimate needs to be
investigated to allow conclusions on the accuracy of the planning method as
a whole. However, the length of the infra-mammary fold has shown to have
fewer influence on the volume than other measures.
Virtual cast method
The second approach uses a computational adaptation of the method pub-
lished by Ahcan et al. [38] where the flap is laid virtually in the rigid virtual
breast cast. The use of finite element simulations of a process showed to be
robust and reproducible. With the proposed method a what-if scenario could
be generated that allows to predict the trimmed shape of the flap. Hence,
this step may be performed multiple times prior to the actual intervention in
contrast to the basic approach with the physically manufactured cast that is
used in the operating room. That is one advantage of the proposed approach
as the trimming of the flap does not need to be performed after the actual
flap harvesting and thus a smaller donor site defect may be achieved.
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Furthermore, the proposed digital process chain adds the possibility of con-
sideration of the volume of the flap. In the basic method the trimming was
done with a scalpel according to the outlines of the breast cast and no con-
sideration of the third dimension was taken into account, making the volume
unplanned by this approach.
Concerning the surface it has to be kept in mind that some remaining skin
at the ablation side may be used as a mantle of skin to cover the transplant
and to allow for a defined shaping of the breast during surgery. Hence, not
all of the skin surface that is calculated here is necessary for reconstruction
of a symmetric breast appearance.
Furthermore, a shortcoming of the presented implementation is the use of
the simplistic Neo-Hookean material model that uses material parameters of
fat tissue of the female breast. As only volume elements are generated the
mechanical effect of the skin is completely neglected. In future work it is
necessary to investigate the effects of both, more complex material models
and the influence of the consideration of skin tissue and its anisotropy. Only
when these aspects are sufficiently taken into account, valid simulations may
be performed.
10.6 Conclusions
Both previously published methods have been improved with the use of mod-
ern imaging technologies and the used computational methods in a fully au-
tomated procedure. The big advantage of both method presented here is
their non-invasive character as a combination of volume imaging (MRI) and
3-D surface scanning and the use of the computer to perform simulations
before the actual operation. That allows easy application of the methods
and corrective adjustments at the stage of breast surgery planning.
In the presented implementations of the two approaches the consideration of
the supporting blood vessels was omitted for the sake of simplicity. However,
the necessary geometrical data is accessible from CTA images and hence it
is possible to include the positions of these vessels in relation to the planned
flap in order to take that important clinical prerequisite into account when a
harvesting region is chosen. Furthermore, the shrinkage of the harvested flap
after surgical cutting is not considered in the presented approaches at all.
Due to initial pretensions of the skin tissue, the dimensions of the flap at the
harvesting region decrease in lateral direction after flap harvest. In further
studies it is intended to inquire the pretension of the skin and to include it
in the procedure of virtual transplant planning.
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However, both presented approaches promise obvious advantages over exist-
ing conventional planning techniques for breast reconstruction. But as long
as no operations have been conducted with these two novel planning tools the
applicability as well as the accuracy of the method remains speculative. Thus
the results of the presented investigations need to be classified as preliminary.
All these considerations are rather described from an engineer’s perspective,
the clinical realities and anatomical limitations that have to be taken into
consideration are exceeding the purely geometric description that is used in
the developed algorithms. It is inevitable to maintain a close dialog between
medical experts and engineers that are capable of transmitting the surgical
needs to computational tools that may improve operation planning in breast
reconstructions and beyond.
Part V
Applications in
Cranio-Maxillofacial Surgery
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11 Statistical evaluation of mandible shapes
Parts of this chapter have been presented at a medical conferences [225, 226]
and at an engineering conference [227].
11.1 Introduction
The human mandible is a bone that presents extreme variability concerning
its shape and dimensions. Unlike the long bones that are the field of interest
in orthopedic surgery, this bone may not easily be described with a few single
parameters (e.g. the simple length of the bone) and hence a more elaborate
evaluation that takes the whole complex shape variability of that bone into
account is necessary.
Certain characteristic anatomical points, the so called landmarks, are used
to describe the shapes and dimensions of anatomical structures and thus
make them available for comparative statistical evaluations. Landmarks in
the facial region have been introduced by Thompson [228] as early as 1917 for
the purpose of measuring the growth of the head. These defined landmarks
were used as the nodes of a grid and changes in their position resulted in
deformations of that grid.
In conventional clinical practice the geometry of the mandible is assessed
by cephalometric measurements of radiology images taken from lateral view.
However, the human mandible with its complex shape extends in all spa-
tial dimensions. Thus, to describe the full geometry of that bone, it is
necessary to include the lateral extension of landmark positioning as well.
Three-dimensional imaging techniques such as computed tomography (CT)
and more recently Cone-Beam CT (CBCT) are well suited means of assess-
ing the anatomy of the facial bones. But so far statistical evaluations of the
three-dimensional morphology of the mandible have only been performed
with distance evaluations on manually positioned landmarks. This proce-
dure always includes the shortcoming of being observer dependent. Thus
reproducibility cannot be provided as well as comparability between data
produced by different observers is at least questionable. A computerized, au-
tomated algorithm however may be capable of overcoming these problems in
addition to the accompanying properties of being faster and easier to handle.
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Hence, there is a demand for automated algorithms to assess the shape and
geometry of the mandible to be able to make statistical comparisons. The
data that can be delivered from those algorithms may be used in the field
of cranio-maxillofacial surgery e.g. for the improvement of the shape of pre-
bent osteosynthesis plates that are better adjusted to a statistical mean shape
of the mandible. A further application is the development of standardized
simulation models that are capable of representing the average of a large
collective of evaluated data sets. These models may be used both for the de-
velopment of virtual computer simulation models and for the manufacturing
of standardized artificial mandible models for mechanical experiments in the
laboratory.
Different approaches of automatic landmark detections have been under-
taken on the mandible bone. Mohseni and Kasaei [229] and Grau et al.
[230] used an approach based on x-ray imaging (lateral radiographs) to ac-
cess commonly used cephalometric landmarks in an automated procedure.
Both use gradients in the image for the detection of specific areas. However,
as they are using lateral radiographs that are two-dimensional images, the
full three-dimensional information cannot be accessed. This is especially cru-
cial when variations in lateral dimensions of the face need to be investigated
or if notable asymmetries are present. Though the relevant cephalometric
landmarks may be fund by these algorithms reliably but due to their limited
ground data, the evaluations remain two-dimensional and valuable informa-
tion is lost that would be of high importance for the biomechanical modeling.
Hence, these evaluation procedures are limited in comparison to technically
possible three-dimensional approaches based on volumetric CT imaging.
In older 3-D evaluations of anthropometric data, caliper measurements in
different directions have been the most widely spread means of measure-
ment [231] that have been augmented with the possibility to use digital
calipers [232] or 3-D digitizers to transfer the data directly to the later com-
puter evaluations [233, 234]. Virtual free hand drawings on digital datasets
were used by Rak et al. [235] to classify the mandible geometry of gorillas in
relation to fossil hominids. Recently, volumetric imaging and computer aided
image processing are available to a steadily growing community of researches
and new means of data evaluation based on that data have to be found.
However, the application of automated three-dimensional landmark detection
has been used for other parts of the body. Approaches are described which
take surface data of the full geometry of the investigated anatomical region.
The most comprehensive are the methods that use whole body scans for the
generation of morphable body models based on specified landmarks. These
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approaches offer a wide statistical basis for the description of the variations
of human body shape and also allow for a morphing of these shapes into
different poses [236, 237]. Adoptions of this methods have shown to be useful
in further application as the estimation of poses and body shapes based on
single images [238] and the virtual dressing of mannequins created with these
algorithms (with so called "eigen clothing") [239]. There are also publications
dealing with the localization of 3-D landmarks on the skin surface of the face,
e.g. [240].
However, none of those automated procedures have been applied to the
mandibular bone so far. In the present work a specially developed algorithm
is used that is described by mathematical formulas in section 7.3. Hence
the present study shows a novel technique that is used the first time in an
application on the human mandible.
But this technique is not only useful for statistical evaluations. Based on
the calculated statistical average mandibular shape, a standardized geom-
etry may be developed. This geometry is discretized with finite elements
and then individual shape variations can be applied to that model prior to
the actual finite element simulation. With this model the influence of all
statistically relevant morphological changes in the mandibular geometry on
the biting loads may be investigated. With a similar intention Ichim et al.
[43] presented a morphable model of the mandible to predict the influence
of the geometry of the chin on the stress distribution in the mandible intro-
duced by biting forces. However, only the symphyseal part of the corpus of
the mandible is modeled and the shape variations in these models were not
based on statistical evaluations of a larger number of bones but randomly
generated.
Until now, no comprehensive shape variation of the mandibular bone has
been used to deform a whole finite element model of the jaw bone. The
approach presented here in contrast takes the full geometry of the mandible
into account and has a statistical background as it is based on a whole cohort
of bone specimens.
11.2 Material and methods
The algorithm for automatic landmark detection on the mandibular bone was
implemented in Python programming language and the possibility of direct
visualizations provided by Blender R© 2.63 (Blender Foundation, Amsterdam,
Netherlands) was used to create a graphical user interface for real time appli-
cation of the deformed mandible. A formal mathematical description of the
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Figure 11.1: Measures defined on the mandible between the detected landmarks.
Seven distances and one angle are investigated.
developed algorithms may be found in section 7.3. The automatic detection
of relevant anatomical landmarks allows for the definition of anthropometric
distances. In the current implementation seven distances and one angular
value are investigated as visualized and listed in figure 11.1.
The algorithm has been applied to a collective of CT imaging data created
from cadaver mandibles of body donors. But, the same evaluations where
performed on two commercially available artificial mandible models that are
intended to be used for biomechanical experiments.
11.2.1 CT data of body donors
A data basis of mandible CT images of 65 mandibles has been used as the
foundation for this work. All mandibles where harvested from body donors
who gave their bodies to be used for scientific studies. The bone harvesting
and subsequent CT imaging was performed in accordance to the committee
of ethics (approval no. 2596/09, Technische Universität München, Germany).
The mandibles where freed of any surrounding soft tissues and scanned in
an CT imaging device with a resolution of 0.35 × 0.35 × 0.33 mm. The
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Figure 11.2: Commercially available mandible models: A) Sawbone R© B) Synbone R©
resulting volumetric imaging data was segmented with the aid of the software
package Mimics R© 14.0 (Materialise, Leuven, Belgium). If necessary, manual
removal of artifacts, e.g. due to metal inlays or dental bridges, was performed
to assure the quality of the data. The resulting surface descriptions were
exported as triangulations in binary STL file format for further processing
of the geometrical data.
As the data collection was anonymous, no correlations of any geometrical
data with age or gender could be drawn on the basis of the data utilized in
this study.
11.2.2 Artificial mandible models
For biomechanical experiments there are commercially available mandible
models. These are fabricated from polyurethan foam and should represent
the inhomogeneous nature of the bone with its mechanical properties. Two
models provided by the companies Sawbone (Malmø, Sweden) and Synbone
(Malans, Switzerland), respectively, are investigated in the scope of this study
in addition to the group of human mandibles. For geometry acquisition, both
mandible models where captured with the previously described CT protocol
and segmented accordingly. A visualization of the acquired geometry data
can be found in figure 11.2. Besides the fact that one jaw is dentate and
the other is edentulous, there are obvious differences in geometrical shape of
the two models. Hence, at least one of those models is not representing the
statistical mean shape acquired on the basis of a large group of mandibles,
which is desirable for biomechanical experiments where general conclusion
should be drawn from.
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11.2.3 Statistical evaluations
Mean and standard deviation for all evaluated dimensions of the mandible
specimens are calculated. For the comparison of the collective human data
to the artificial mandible models the student’s t-test has been utilized to
quantify the differences, a value of p < 0.05 was considered to be statistically
significant.
Furthermore, a principal component analysis (PCA)of the variational data
has been performed. For a mathematical description of the method the
reader is referred to section 7.3.3. The resulting shapes of the PCA are used
subsequently to deform a standardly shaped finite element mesh prior to
the actual mechanical simulation. Thus the impact of shape variations to
biomechanical behavior of the mandible bone can be investigated based on
statistically generated data. For the assessment of the significance of the
shape variations on the resulting clenching forces Pearson’s correlations were
calculated.
11.2.4 Morphable finite element model
In this part the finite element model of the jaw is described that is shaped
based on the average shape calculated from the anthropometric data (fig-
ure 11.3). The volume meshing was performed semi automatically with the
software ICEM R© (Ansys Inc., Canonsburg, PA, USA). This model may be de-
formed by the principal shapes that have been calculated with the methods
that are described in section 7.3. For the deformation a special interface to
Blender R© has been created that allows the import of volume meshes, the
application of desired shape variations and the output for the subsequent
finite element calculations that were run automatically in batch mode with
the simulation tool Ansys R©.
The muscles attachments have been defined as physiologically as possible
according to reference drawings in an anatomical book [241]. This permits to
simulate the acting muscular forces in a more realistic way then by applying
them on singular nodes. Figure 11.3 shows the standard finite element mesh
of the mandible together with these muscle attachments. Three different
muscles are implemented that are the most important ones for the biting
and chewing: the masseter, temporal and medial pterygoid muscles.
In order to investigate the impact of geometrical changes on the mechan-
ical behavior of the model one specific load scenario from literature was
chosen. Korioth and Hannam [41] published a comprehensive study on the
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Figure 11.3: Standardized finite element mesh. The attachments of the most im-
portant masticatory muscles are visualized in darker color.
muscles of the human jaw with several investigated load cases. This data
is based on works that were originally published by Weijs and Hillen [242]
who performed physiological cross-section measurements of the three main
masticatory muscles on six human cadavers and previous electromyographic
measurements (EMG) of Hannam’s group [39, 40, 243–245]. Though all of
the clenching tasks provided by Korioth and Hannam [41] were simulated
with the morphable finite element model, due to limited space in this the-
sis only the results of the incisal clenching were chosen to be reported as
representative load case for further evaluation.
Boundary conditions in this modeling are that the incisal clenching is mod-
eled by an initial fixation at the finite element node which is closest to the
midpoint between the tips of the medial incisors [41]. Thus the biting forces
are not applied directly but are reaction forces to the acting of the muscles
and incisal bearing point is used to assess these resulting reaction forces in
vertical direction for further evaluations.
The temporomandibular joints are modeled with a multitude of spring el-
ements that represent the combined stiffness of the cartilage tissue of the
temporomandibular complex [45]. Only static effects have been investigated,
any viscoelastic material properties of the cartilage tissue (e.g. [246–248])
have been neglected at this stage of the simulation as it is limited to a static
clenching task.
As material properties of the bone a homogeneous material with a Young’s
modulus of 19.4 GPa was chosen. That is based on the findings of Ashman
and Buskirk [91], Dechow et al. [141] for the transversal direction of the bone.
No anisotropy was investigated nor any inhomogeneous material properties
have been used in the scope of this study. The Poisson’s ratio was set to 0.3.
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Figure 11.4: Examples of the recognized landmark positions. The automated al-
gorithms was able to find all landmarks in all mandible data sets properly.
A geometric simplification for that particular modeling is that so far the
teeth are not modeled as separate structures. Instead, they are summarized
to one structure and the material properties of bone are also assigned to that
structure. This is a very rough simplification of reality, however it seems
justified for the particular purpose of investigating the influence of geomet-
ric variations of the mandible towards incisal biting forces. Furthermore, a
validation with biomechanical experiments with the artificial Synbone model
(see figure 11.2) is possible, as this specimen also uses the teeth modeled as
one continuous block.
Changes of the seven most important principal components of the mandible
were applied to the finite element model. Five different steps were calculated
for each of that seven PCA shapes that were equidistantly distributed within
maximal shape changes of ±2 standard deviations. Thus, 29 calculations
where performed with the described model.
11.3 Results of the mandible measurements
The presented algorithm showed to be very robust. For all investigated
mandible geometries, the human specimens and the artificial models, all
relevant landmarks could be found, as checks by an experienced physician
showed. Some examples of recognized landmarks are visualized in figure 11.4.
Hence, the produced data is valid for further statistical evaluations.
A comparison between the mean mandible shape based on the group of hu-
man specimens, with the two artificial mandible models is plotted in fig-
ure 11.5. In general the Sawbone R© is found to be relatively large. With
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Figure 11.5: Means and standard deviations of the group of human specimens and
corresponding measures of the two artificial mandible models.
intercoronoidal and intergonional width as well as corpus length and condy-
lar height more than one standard deviation away from the statistical mean,
thus the bone is significantly larger than the average (p < 0.05). This has
to be reminded when it is used for biomechanical experiments as changes in
mandible dimensions lead to different lever arms and thus to different stresses
in the material.
In contrast, for the Synbone R© most of these measures are beneath the av-
erage values, however that finding is less pronounced (p > 0.05). But this
bone model is especially deviating from the norm in two parameters, i.e. the
cronoidal height and the mandibular angle. Both of these two values are
more than one standard deviation away from the mean shape (p < 0.05).
Especially the very high processus coronoideus (in comparison to the far
more normal condylus) gives the mandible model an unusual geometrical
appearance.
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Figure 11.6: Examples of different shapes of the finite element simulation mesh.
The deformations are different superpositions of principal components. It is evi-
dent that the mesh with constant topology is capable of representing highly dif-
ferent anatomical structures. Due to the use of principle shapes that deformed
models still look very physiological even at extreme deformations like those on the
bottom right.
11.4 Results of the mechanical simulations
The mechanical simulations were performed based on the standard mandible
shape that used a standardized tetrahedron mesh and deformed prior to the
actual simulation according to the seven most important principal shapes in
the range of ± 2 standard deviations. All simulations with these geometrical
variations could be conducted without any warnings or error messages from
the finite element program due to critical initial shapes of certain elements.
That is important to mention as the deformation of a finite element mesh
based on shape changes is generally prone to produce irregularly shaped
elements that hinder a mechanical simulation. Hence, the simulations with
variable geometries in the investigated range is feasible, see figure 11.6 for
a visualization of shapes that are produced by the superposition of different
principal components.
The influences of the applied shape variations on the evaluated incisal reac-
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Figure 11.7: Influence of shape variations on incisal biting forces.
tion force are visualized in figure 11.7. All shape variations have a significant
impact on the change of incisal force (p < 0.01 for PCA 1 to 5 and p < 0.05
for PCA 6 and 7). Most influential was the principal shape five with a vari-
ation of −4.64 % and +8.16 % to the incisal biting force compared to that
one of the average shape. That is due to the fact that this particular prin-
cipal component has its main impact on the variation of the length of the
mandibular corpus and hence changes notably the lever arm in which the
different muscle forces act in respect to the incisal force.
11.5 Discussion
The manual segmentation of bony compartments from volumetric imaging
data is the only part of the introduced process chain, where any user inter-
action is required and hence the only occurrence of any observer variability
in the procedure. Though the imaging data depends to some extent on the
scanning protocol, usually this step is simple and not error prone. Only in
presence of severe artifacts e.g. due to the presence of metal inlays in the
imaging space, the manual removal of these artifacts is a tedious and time
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consuming procedure that may depend on the individual skills of the exam-
iner. As the subsequent evaluation of the geometrical data is fully automated,
there is no observer variability that may bias the results. Hence, it is a fully
reproducible workflow with maximal objectivity. The fully automated pro-
cess makes it easy to process large amounts of data and thus allows to create
a wide statistical basis for further studies that rely on accurate knowledge
of the morphology of the human mandible. Thus, the method may be useful
in other scientific disciplines like forensics, where anonymous remains may
be related to a database of missing persons or anthropology where different
shapes of fossil and recent hominid species may be evaluated, classified and
distinguished.
With the use of principle shapes and the corresponding standard deviations
it is feasible to quantify deviations from the mean population. This is valu-
able for the quantification of level of facial deformities and may provide a
guideline to choose whether elective corrective surgical intervention are in-
dicated. Furthermore, the acquisition of standard bone shapes in the facial
region may help surgeons in the planning stage of correction of severe de-
formities or facial reconstruction with presence of large bone defects due to
trauma or tumors.
Extensions of the study to dataset that contain information on the soft tissue
geometry of the face, correspondence between bony landmarks and surface
landmarks at skin level may be developed similar to previous research done
with lateral radiography [200, 249, 250].
The acquired data provides valuable knowledge to derive improved biome-
chanical models. As shown in the comparison between the test group data
and commercially available mandible models, none of those artificial models
was able to come close to the mean shape of the investigated group. Hence,
there is an explicit need for the development of a standardized shape that may
in future be used for biomechanical experiments and standardized numeri-
cal simulations. However, due to the relatively small group with 65 human
specimens, the results have to be classified as preliminary. The initiation
of bigger studies (including the previously not observed demographic data
such as gender, age and race) or even an inclusion of groups of dysmorphic
mandibles, e.g. due to congenital syndromes, is required.
The possibility to define one single standardized geometry that maintains
mesh consistency for the geometrical representation of individual shape bears
certain advantages. These are the possibility of defining a complex volumet-
ric mesh, e.g. consisting solely of hexagons, and the predefinition of cer-
tain anatomical boundary conditions, such as the introduced physiologically
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shaped muscle attachments which may be used for biomechanical simula-
tions.
Furthermore, based on the average geometries improved mandible models
for biomechanical experiments, both on the test bench in the laboratory and
virtually on the computer, may be developed. These models that compre-
hend the mean geometry as well as the statistical variations that may be ex-
pected within a patient collective allow for the design of improved mandible
reconstruction plates with respect to the inter-individual changes in bone
morphology.
A clinical problem that patients often encounter after the stabilization of
fractures or osteotomy gaps with osteosynthesis plates is plate fractures due
to overloading when mastication forces are acting. Especially in patients
that are treated with reconstruction plates after mandible reconstructions
with bone transplants the plates may be bent extensively to fit the individ-
ual bone shape. The required plastic deformation of the plate is weakening
the material an hence a plate fracture is more likely to occur. Hence, the re-
construction plates should be designed with respect to the mean shape of the
mandible bone in order to minimize necessary adaptations. To realize that
task the average shape of the mandible of a large population of mandibles
needs to be acquired. The possibilities to use the presented algorithms for
this particular application could be shown [227, 251].
The height of the alveolar crest is not used in this study. Neither is there
a landmark that defines its height, nor is it included in the standardized
topology. That is due to the fact that the geometry is highly depending on
the tooth status causing dramatic differences between fully dentate, party
dentate and edentulous jaws that suffer from atrophy of the alveolar crest.
The definition of a morphologically variable alveolar crest with its highly
diverse shapes remains a challenging task. However, in future work that as-
pect might be included in the standard model in order to generate simulation
models that are better suited to model the individual shapes of the whole
human mandible in even finer detail.
However, some shortcomings of the simulation model that has been used
here have to be mentioned. A very coarse representation of the alveolar
geometry with the teeth modeled as a solid block of bone tissue has been used.
Furthermore, only homogeneous and isotropic material has been utilized to
describe the mechanical behavior of the bone. The applied forces have not
been individualized, but it may be assumed that with changes in mandibular
shape changes in muscular activation will go along. Due to these limitations
the results that are based on these finite element simulations have to be
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characterized as preliminary, as long as no validations with experimental data
has been undertaken. Nevertheless, the applicability of the whole process
chain from acquisition of clinical data to the generation of a morphable finite
element simulation model could be demonstrated and promises to be useful
for a variety of application in maxillo-facial surgery and beyond. In future
research projects the presented algorithm may also be used for other bones
or even other regions of the body like the breast, as shown in figure 8.14 in
section 8.8.
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12 Biomechanical experiments on reconstructed mandibles
Parts of the study which is presented in this chapter have been published in
medical journals [175, 252, 253]. This chapter aims to give a comprehensive
review of these different biomechanical experiments that have been conducted
and evaluated in the scope of the present work.
12.1 Introduction
In cases of severe affections of the mandible, such as trauma, infection or
neoplasia (i.e. tumors) the resection of parts of the mandible is the only option
when conservative treatments are impossible. The load bearing function of
the mandible is essential for the chewing and speech of the patient, but
furthermore it is of decisive importance for the aesthetic perception of the
face [50].
Today microsurgical transplantations of autologous bone tissue is the state
of the art in reconstructive surgery. In subsection 4.4.1 a summary of the
most commonly used transplants is given.
The bony transplants have to match the size of the defect and need to be
fixed to the residual mandible to restore functional load bearing. For healing
of the bone gap, the right degree of interfragmentary movement is essen-
tial [254–256]. Too much movement may lead to delayed fracture healing or
to the formation of pseudarthrosis [257]. Too few movement does not provide
enough stimulus for the formation of new bone tissue as a certain mechani-
cal stress to the bone material is required for the remodeling of bone tissue.
Thus, an appropriate level of interfragmentary movement is desirable [258].
Goodship and Kenwright [259] report that 0.2 to 1 mm of interfragmen-
tary motion allows satisfactory secondary bone healing, and Wolf et al. [260]
found the optimal axial movement to be at 0.4 mm. The design of the os-
teosynthesis system has major impact on the interfragmentary motion during
loading and is therefore of high importance for the mechanical stability at
the fracture site and thus for subsequent healing.
In terms of fixation there exist several osteosynthesis systems that are com-
monly utilized in mandible reconstruction. The standard method in the
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surgical treatment of mandibular fractures is the use of conventional non-
locking miniplates [261]. Because of their small size and malleability, they
can be precisely adapted to the bone contours [55]. Since they are tight-
ened monocortically, they bear only a small risk of pedicle damage or bone
weakening. Miniplates have shown to allow micro-motions in the fracture
gap that are necessary to stimulate bone healing [260, 262]. However, a com-
mon complication in non-locking plates during the healing period is screw
loosening resulting in insufficient fixation and subsequently the formation of
pseudarthrosis [263].
For locking plates in contrast, a lower rate of screw loosening is reported [264].
Herford and Ellis [264] deduced that locking plates work according to the
same mechanical principles as a fixateur interne in trauma surgery, which is
a fixation technique that is known to permit appropriate bone healing [254–
256]. One further advantage of locking plates is that there is no necessity to
press these plates to the bone in order to achieve stability and thus blood
circulation directly above the bone is less affected [265–272]. However, de-
spite the numerous advantages of locking plates, their superiority in mandible
reconstruction surgery has not been proven yet [265, 273–275].
With respect to the transplants, numerous comparative studies regarding
surgical and anatomical advantages or disadvantages, donor side morbidity,
quality of life have been published [49, 51, 77]. But in terms of biomechanics,
there have been no experimental studies directly comparing the biomechani-
cal properties of the reconstructed mandible on human bone specimen so far.
Moreover, there is a distinct lack of research investigating the mechanical
primary stability after reconstruction.
The purpose of the study presented in this chapter was to evaluate the pri-
mary stability of the conventional miniplate system in comparison with two
different types of newly developed small locking plates. For that task a
specialized experimental setting was developed that is described in sections
6.3 and 6.4. All plate configurations have been tested in combination with
fibular, iliac crest and scapular bone grafts as well as on artificial mandible
models to offer a standardized reference. These experiments have been pub-
lished in three articles so far. Steiner et al. [175] focused on the introduction
of the technical parts and the introduction of the newly developed system in-
cluding a comparison to an established evaluation technique, Trainotti et al.
[252] showed parts of the results of the fibular graft group and Grohmann
et al. [253] presented the iliac crest groups.
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Figure 12.1: Tested group of reconstructed mandibles with iliac crest transplants
12.2 Bone specimens and osteosynthesis material
All utilized bone specimens have been collected from body donors during
special surgical training curses. The bone harvest was approved by the insti-
tution’s committee of ethics (approval no. 2596/09, Technische Universität
München, Germany). It has been the explicit last will of the body donors to
give their body to science.
12.2.1 Mandible specimens
In the whole present study, 54 human cadaveric mandibles were chosen from
body donors. After the harvesting of the mandibles all surrounding soft
tissues were removed.
All of the mandibles were fully or partly dentate and did not show any
evidence of atrophy. The specimens were chosen from a pool of mandibles
where criteria, such as age, gender, and post mortem time, underwent masked
randomization. CT images were taken of all mandibles to exclude smaller
cysts and retained third molars. All bones were harvested at a maximum
of three years after death. In the interval between death and harvest, the
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bodies were fixed using Thiel embalming technique [276, 277]. After bone
harvest, the specimens were fixed with 2 % 2-phenoxyethanol to preserve
their original mechanical properties as much as possible in order to mimic the
in vivo behavior of the bone under artificial biomechanical testing conditions.
In each mandible, a defined 4.5 cm long segment of the right mandibular
corpus was removed, starting from the canine tooth, resulting in an L-type
defect according to the classification described by Jewer et al. [66]. Following
anatomical conventions, the two resulting gaps are called mesial and distal,
a terminology that refers to the frontal and backward gap, respectively. For
the reconstruction of the missing bone segment, a corresponding 4.5 cm bone
transplant was inserted as described in the following.
12.2.2 Bone transplant specimens
Three different transplants, fibula [252], iliac crest [253] and scapular graft
were used in the present study to bridge the L-type defect described above.
All bone specimen where harvested from body donors in the scope of flap
raising courses and like the mandibles fixed using Thiel embalming tech-
nique [276, 277]. Harvesting locations were standardized according to gen-
erally accepted guidelines [49]. Directly before the biomechanical tests the
specimens were cut to match the standardized size of the defect of 4.5 cm in
the lateral mandible. Examples of these reconstructed mandibles with plates
and transplants are shown in figure 12.1.
To avoid any unwanted correlations with general bone constitution that may
bias the experiments, the mandible specimens and the transplants were ran-
domized, i.e. the reconstruction transplants and the mandibles originate from
different body donors.
12.2.3 Reference group of artificial mandibles
Human bones are variable in shape and size in between different individuals.
Though all biomechanical experiments that use human bone material have to
deal with that issue, it is especially relevant for cranio-maxillofacial surgery,
as the geometric variability of the human mandible is very pronounced. In
chapter 11 of this work a detailed study on this particular subject is pre-
sented. Moreover, there is considerable variance in the constitutive prop-
erties of bone tissue, especially if pathological changes like osteoporosis are
involved.
For a more standardized model, in addition to the experiments on human
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Figure 12.2: The three tested osteosynthesis plate configurations, a colorized ver-
sion is presented in [253].
bones, a group of artificial mandible bone models was used with the same
settings as the previous specimens. In preliminary tests Sawbone R© mandible
models (Sawbone, Malmø, Sweden) showed to be made of material that was
too compliant and provided not enough stability to represent human bone
material. Thus, the Synbone R© mandible model (Synbone, Malans, Switzer-
land) was chosen, because that material seems to represent human bone
much better. In figure 11.2 in chapter 11 both artificial mandible models are
shown.
Like in the human mandible specimens, lateral L-type defects of a standard-
ized size of 4.5 mm have been applied through template guided osteotomy
lines. One difference to the human bone specimen tested in the scope of
this work is that no bone transplants where used to bridge the resulting de-
fect. There is no supply of artificial models of transplantation donor sites
for biomechanical studies on the market that offer realistic mechanical prop-
erties. The only commercially available models are intended to be used in
anatomical courses to only demonstrate the shape of the bones but not their
physical properties. Thus the only option was the use of the original frag-
ments of the mandible models again to close the continuity defect. Hence,
that configuration may also be regarded as a double fracture rather than a
reconstruction with a transplant. Mandibular angle fractures are relatively
common, but most often associated with contralateral parasymphyseal frac-
tures. Thus, the ipsilateral mesial osteotomy that is used here is a fairly
uncommon location for a fracture and accordingly that model must be seen
as an academic demonstration object.
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12.2.4 Investigated osteosynthesis plate configurations
The three groups of different transplants and the reference group of artificial
mandibles were further divided into three subgroups of different osteosynthe-
sis fixations. The tree utilized fixations were:
• One group of six mandibles (in the following called group A) was treated
with two six hole conventionally adapted titanium miniplates of 1.0 mm
thickness on each osteotomy gap [MODUS R© Medartis R©, ø 2.0 mm,
height 1.0 mm]. Each plate was fixed with six monocortical screws of
6 mm length and 2 mm diameter.
• For the next group of mandibles (in the following called group B),
two six hole titanium locking plates of 1.3 mm thickness were used
[MODUS R© TriLock R© Medartis R©, ø 2.0 mm, height 1.3 mm]. Each
plate was fixed with six monocortical locking screws of 6 mm length
and 2 mm diameter.
• The third group (in the following called group C) was equipped with one
four hole titanium locking plate of 1.5 mm thickness on each osteotomy
line [MODUS R© TriLock R© Medartis R©, ø 2.0 mm, height 1.5 mm]. In
this case, aiming to increase the fixation, two bicortical locking screws
with a variable length from 10 to 16 mm and 2 mm diameter were used
in the mandibula. Monocortical locking screws of 6 mm length and
2 mm diameter were used in the transplant similar to the other groups.
Figure 12.2 shows the different test groups and lists the properties of the
different osteosynthesis systems used in this study.
For repeatability of the plating procedure a standardized spacer with a thick-
ness of 0.3 mm was used during osteosynthesis application ensuring a distinct
osteotomy gap thus allowing no initial contact between mandible fragments
and the transplant. All platings were performed by experienced surgeons
under standardized laboratory conditions and by the use of a torque key
(Torque Vario R© 2851, 0.8-2.0 Nm; Wiha GmbH, Schonach, Germany).
The choice of plates stands in good accordance with several publications that
describe uses of such plates: 2.0 to 2.4 mm locking reconstruction plating sys-
tems [51], 3.0 mm reconstruction plates and 2.4 mm locking plates [275], 2.4
and 2.7 mm reconstruction plates [273], 2.0 and 2.4 mm locking reconstruc-
tion plates [278], 2.0 and 2.4 mm locking plates [279] as well as 2.0 to 2.7 mm
locking reconstruction plates [280].
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12.2.5 Experiments and statistical evaluations
All bone specimens were continuously loaded on the biomechanical test bench
Mandibulator as described by Steiner et al. [175]. The optical measure-
ments were performed by means of PONTOS R© (GOM - Gesellschaft für optis-
che Messtechnik, Braunschweig, Germany), and the rotational movement in
space were tracked for three different sections, i.e. mesial part of the residual
mandible, its distal part and the intermediate transplant section, respectively.
Conversion from the single point movement data to the rotational represen-
tations war performed with the algorithm described in section 7.2 and based
on these values the relative interfragmentary movement was calculated for
each osteotomy gap.
For all specimens, the anterior and posterior interfragmentary movements
were calculated separately and later added to form one scalar instability pa-
rameter. That parameter was captured over the whole loading range until
failure for each specimen and then the measurements were transferred in re-
lation to the simultaneously acquired incisal load. This permits the plotting
of all load curves in one common coordinate systems. For the comparison of
the different groups, specific values for the incisal loads at which the com-
parison should be performed had to be defined. For the fibula that value was
set to 300 N because all fibula specimens could bear that load. For the other
groups instead a value of 100 N was chosen as not all of the other specimens
reached a load value of 300 N. Thus, for the comparisons between the group
a value of 100 N was used likewise.
Statistical differences were calculated by the use of the two-tailed Wilcoxon-
Mann-Whitney U test and a value of p = 0.05 was set as the threshold for
statistical significance. For this procedure the implementation in the scipy
package of the software Python (http://www.python.org) has been utilized
without continuity correction.
12.3 Results
In this section the results of the biomechanical experiments are listed. All
data was generated with the Mandibulator test bench and the PONTOS R© mea-
surement system. The results are grouped according to the utilized bone
transplant in fibular graft, iliac crest and scapular graft that are fixed either
with two miniplates (group A), two Trilock R© 6 hole plates (group B) or one
Trilock R© 4 hole plate (group C) per fracture gap. In addition to the hu-
man cadaver specimens a reference group results from osteotomized artificial
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Figure 12.3: Summarized interfragmentary movement for both gaps for all speci-
mens reconstructed with fibular graft at an incisal load of 300 N [252].
mandible specimens is also shown. Furthermore, comparisons between the
different transplants and the artificial mandibles are described.
12.3.1 Reconstructions with fibular graft
All of the loaded specimens reached an incisal load of at least 300 N, hence
all osteosynthesis devices were offering sufficient stabilization. No fractures
of osteosynthesis plates were witnessed, instead failure always was due to
either fractures of a bone or tear out of implant screws at bone side. The
failure types were not protocoled for the fibular graft specimens for each plate
group separately. Most failures were caused either by tear out of screws at
the posterior part of the fibular transplant or by fractures in the area of the
mandibular angle, which is known to be the region with the highest strains
when incisal biting forces are acting as the lever arm becomes the longest
at this region and thus the bending moments are the highest [281]. Hence,
it was not surprising, that for each type of osteosynthesis used, higher gap
movement in the distal osteotomy which is located in the area of the mandible
angles was observed [252]. That indicates that the stresses in the distal gap
are bigger than they are in the mesial gap.
The results for all specimens are visualized in figure 12.3 (left). The data is
available for all load steps until failure of the bone occurred and the measure-
ments were stopped. Because all specimens could be loaded to a value above
300 N (with the lowest observed value to failure of 305 N) the evaluation
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Figure 12.4: Failure mechanism of the tested specimens reconstructed with iliac
crest bone graft. Results are divided into four different groups (excessive plate
deformation, mandible fracture, transplant fracture anterior or posterior) [253].
force was chosen to be 300 N and figure 12.3 (right) shows a bar plot of all
summarized interfragmentary movements at these values.
As it can be seen by the analyses shown in figure 12.3, the conventional
miniplates group A shows the lowest value of summarized interfragmentary
movement with 7.45 ± 1.46 and thus provides the best stabilization factor,
in comparison to group B (12.16 ± 2.37) and group 3 (17.03 ± 9.55). The
advantage of the stability of the miniplate group is significant at 300 N (with
p = 0.01 in comparison to group B and p = 0.006 in comparison to group C).
In contrast to the clear supremacy of the conventional miniplate, there is no
significant difference between the 6-hole and the 4-hole (locking plates of)
group B and C (p = 0.52).
12.3.2 Reconstructions with iliac crest graft
The reconstructed mandibles were continuously loaded until total failure oc-
curred, but unlike for the fibular graft specimens the failure mechanism was
observed in addition to the mechanical stability. Thus, the iliac crest results
are split further in two subsections, dealing with the failure mechanisms and
the mechanical deformations separately.
Failure mechanisms
Mechanical failure was defined as a non-physiological change in morphology
of the bone or fracture of any part of the test specimens. In no case the
failure occurred under 100 N and the failure mechanisms that were observed
above 100 N were either excessive plate deformation, fracture of mandible
fragments or the iliac crest graft with or without tear out of screws. Fig-
ure 12.4 outlines the failures according to the three different test groups.
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Figure 12.5: Summarized interfragmentary movement for both gaps for all speci-
mens reconstructed with iliac crest graft [253].
It is remarkable to notice that in group B the weak point was always the
iliac crest transplant which failed due to fracture or screw loosening either
in the anterior part (n = 2) or in the posterior part (n = 4) before excessive
deformation of the osteosynthesis plate could occur. In the other two groups,
transplant failures occurred less often (once posterior in group A and twice
anterior for group C). Instead, the specimens in group A were rather prone to
excessive plate deformation (n = 3), followed by mandible fracture (n = 2).
In group C in contrast, excessive plate deformation (n = 2) and mandible
fracture (n = 2) were equally distributed.
Mechanical stability of different plate groups
Figure 12.5 visualizes the summarized interfragmentary movement described
as the summarized relative interfragmentary movements over the whole load-
ing range up to 100 N (left) and as a bar plot at the defined evaluation point
of 100 N.
Like in the previous group of fibular grafts, it is again evident that the mini-
plate system (group A) allows less interfragmentary movement than the two
different TriLock R© plates and provides the best overall fracture gap stabiliza-
tion. For the summarized interfragmentary movements of the anterior and
the posterior fracture gap, a statistically significant advantage of group A in
comparison to group C can be shown (p = 0.037). Its advantage compared
to group B, however, was less pronounced (p = 0.42). A comparison of the
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Figure 12.6: Failure mechanism of the tested specimens reconstructed with scapu-
lar bone graft. Results are divided into four different groups (excessive plate
deformation, mandible fracture, transplant fracture anterior and posterior).
two locking plate systems showed a better stability for the 6-hole TriLock R©
plate, though not statistically significant (p = 0.42). However, when eval-
uating the two fracture gaps separately, the differences between the groups
are statistically not significant (posterior fracture gap: group A vs. group B:
p = 0.63, A vs. C: p = 0.078, B vs. C: p = 0.34; anterior fracture gap:
A vs. B: p = 0.63, A vs. C: p = 0.15, B vs. C: p = 0.87). The generally
relatively low level of significance might be a result of the small number of
tested specimens and the resulting low statistical power of the experiments.
Furthermore, the geometric variability in the shape of the human mandible
as well as variations in material constitution of mandibles and iliac crest
grafts may also be an important factor that contributes to this finding.
12.3.3 Reconstructions with scapular graft
Again for the scapular graft both, the failure mechanism and the mechanical
stabilization of the interfragmentary gap were observed and are presented
separately in the following.
Failure mechanisms
In the group of specimen reconstructed with the scapular graft the failure
mechanisms that were observed showed a similar picture as the ones in the
iliac crest group. However, even more failures of the transplant could be
investigated. For all plate types, in 5 out of 6 tested specimen the weakest
point was found in the transplant (one time in the anterior part and 4 times
in the posterior section, in each group) and not in the mandible bone or
even the plates. That shows that the scapular bone with its this structure
is relatively weak and may in some cases not provide sufficient stabilization
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Figure 12.7: Summarized interfragmentary movement for both gaps for all speci-
mens reconstructed with scapular graft.
for the mandibular reconstruction, as it is the weakest link in the chain.
Mechanical stability of different plate groups
When taking a look at the summarized interfragmentary movements again
until a value of 100 N (figure 12.7, left), at first glance no clear advantage of
either group can be investigated as all data is scattered in that plot. The vi-
sualization of the comparison at a fixed level of 100 N, as shown in figure 12.7
(right), makes the big scatter of the acquired data evident. There is even one
bar that exceeds the plotting range of 25◦ (with a value 34.3◦). And even
with the aid of statistics in the group of specimen reconstructed with the
scapular graft, no explicit differences between the osteosynthesis plates can
be shown. The slight advantage of group B was not found to be statistically
significant. At a level of 100 N none of the summarized values is below the
threshold for significance (group A vs. group B : p = 0.11, A vs. C: p = 0.52
and B vs. C: p = 0.15). The same is true if the interfragmentary gaps are
investigated separately.
Hence, no significant advantage of either plate group could be investigated
for the scapular transplant.
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Figure 12.8: Summarized interfragmentary movement for both gaps for the refer-
ence group of artificial mandibles (Synbone R©).
12.3.4 Reference group of artificial mandible models
For the group of artificial mandibles a different picture may be drawn, as seen
in figures 12.8. Compared to the excessive scattering in the scapular graft
group, the graphs that are produced from the artificial mandibles measure-
ment data are very homogeneous. This is due to the standardized shape and
material of the tested specimens. Furthermore the standardized preparation
of the specimens with guided cuts and drills for the implant screws had a
positive impact on the repeatability of the measurements.
Concerning the summarized stabilization of the two osteotomy gaps, the
Trilock R© 6-hole plate (group B) provided the best stabilization with signifi-
cant advantages (p = 0.006 for the comparison to group A and p = 0.004 for
the comparison to group C). A comparison between group A and group C
showed an advantage of group A (p = 0.055), though slightly above the
threshold of significance.
When a comparison between the two osteotomy gaps is made separately,
the mesial shows a very similar result. The best stabilization is provided by
group B again with strong significance (p = 0.006 vs. group A and p = 0.004
vs. group C). Furthermore, the miniplates from group A stabilized this gap in
the artificial bone significantly better than the plates of group C (p = 0.006).
For the distal gap the advantage of group B is again significant (p = 0.016
for both comparisons), while between the other two groups no significant
differences could be found (p = 0.26).
174 12 Biomechanical experiments on reconstructed mandibles
Hence, the overall supremacy of group B for the artificial mandible could
be statistically confirmed. At second place group A may be ranked and the
most interfragmentary movement was allowed by group C.
12.3.5 Comparison of bone grafts and the artificial model
In the previous presentation of results the experiments have been grouped for
the transplants that were used for reconstruction and comparisons between
the different osteosynthesis plates were made. But there is further use for this
data as it may also be used for comparisons of the different transplants as
well as the artificial bone models. In order to avoid mismatching comparisons
the data is for this task regrouped for each of the osteosynthesis systems and
thus yielding three different comparison groups.
Group A: Monocortical miniplate
Figure 12.9 illustrates the summarized interfragmentary gap movement for
all bone specimens (n = 18) reconstructed with two monocortical miniplates
per osteotomy gap. Interfragmentary movement could be noted to a signif-
icantly lower degree in fibular graft specimens in comparison to those with
iliac crest graft (p = 0.004) as well as to those with scapular graft (p = 0.004).
Superiority regarding gap stabilization of iliac crest over scapular graft spec-
imens could be noticed, however, did not show any statistical significance
(p = 0.63).
The comparison of the human cadaver specimens towards the artificial models
revealed that the synthetic bone model allows more interfragmentary motion
as all of the human bone specimen. The comparison to the fibular graft shows
a significant difference (p = 0.004) while the other two differences were less
pronounced (p = 0.20 vs. iliac crest and p = 0.26 vs. scapular graft).
Group B: Monocortical 6-hole TriLock R© plate
Figure 12.10 depicts the gap stabilization for all specimens reconstructed
using two monocortical 6-hole TriLock R© plates (group B). In this plate group
the fibular graft showed again the highest primary stability with statistically
significant difference towards both the iliac crest graft (p = 0.004) and the
scapular graft (p = 0.025). Likewise, the difference between iliac crest graft
and scapular graft could not be proven to be significant (p = 0.52).
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Figure 12.9: Summarized interfragmentary movement of all specimens fixed with
two miniplate osteosynthesis plates per osteotomy gap.
The comparisons between artificial model and human cadaver specimens
showed a significant difference towards the fibular graft (p = 0.004), but
no significant differences to the other two transplants (p = 0.75, for each
comparison).
Group C: Bicortical 4-hole TriLock R© plate
In Figure 12.11 interfragmentary movement under mechanical loading is
shown for all specimens (n = 18) where one bicortical 4-hole TriLock R© plate
per fracture gap was used for osteosynthesis. Similar to both other plate
fixations mentioned before, significant differences could be revealed when
comparing fibular graft to iliac crest graft (p = 0.004) and fibular graft to
scapular graft (p = 0.004), with the fibular graft providing the best stabi-
lization again. The scapular graft is slightly superior to the iliac crest graft,
however, not to a statistically significant extent (p = 0.20).
A comparison of the artificial mandible models towards the human cadaver
specimens shows again that the human specimen provide better stabilization,
however only the comparisons of the fibula is significant (p = 0.004), the other
two are not (p = 0.75 vs. iliac crest and p = 0.34 vs. scapular graft).
Thus, from the overall data of all three plate groups one can deduce that
the fibular bone graft provides significantly more stabilization for the recon-
struction of the mandibular bone. An evaluation of all data from the artificial
mandible specimens shows that these models are comparable to iliac crest
bone and scapular graft, though slightly weaker, but significantly softer than
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Figure 12.10: Summarized interfragmentary movement of all specimens fixed with
two angle stable TriLock plate (6 hole) osteosyntheses per osteotomy gap.
the fibular bone.
12.4 Discussion
The general purpose of the study which is presented in this chapter was to
investigate whether there is any difference between different treatment con-
cepts for mandibular reconstruction with autologous bone tissue. As this
chapter contains a multitude of data that can be evaluated in different ways,
this discussion section is divided into several parts that focus on different
aspects of the presented work. First, the applicability of the used devices
is discussed, followed by a comparison of different osteosynthesis plates that
have been tested. Furthermore, a comparison is provided between the differ-
ent transplants that have been used as well as the artificial reference model.
Applicability of the introduced method
The easy handling of the PONTOS R© system and its accuracy is superior to
other measurement techniques and the software allows easy post experi-
ment analysis of data [175]. To detect the composition of motion in an
osteotomized gap, the PONTOS R© system can track all spacial movements in a
three-dimensional way on the complex shape of the human mandible. This
is an essential requirement for the detection of the mechanical failure of os-
teosynthesis plates and for the optimization of their design to the clinical
needs. The design of the experimental device Mandibulator is well harmo-
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Figure 12.11: Summarized interfragmentary movement of all specimens fixed with
one single angle stable TriLock plate (4 hole) osteosynthesis per osteotomy gap.
nized with the PONTOS R© system, so measures can be conducted rapidly and
easily.
Compared to other systems for measuring interfragmentary motion, the easy
and semi-automated mechanical handling is a true benefit both concerning
time and financial effort, and therefore superior to other methods, such as
strain measurement gauges [176], manual photometric methods [164] or the
use of photomechancial epoxy resins [165, 177]. Another advantage of PON-
TOS R© in biomechanics is its ability to generate a multitude of results over
time that can all be evaluated in post-processing of this data. Furthermore,
the auxiliary visualization of the results on the computer enables a simple
and intuitive analysis of the movements of the different components.
The difficult detection of twisting deformation of the mandible [282, 283] as
well as the rotational problem which occurred in recent measurements with
similar testing devices [162, 164] could be solved by the presented approach.
The latter problem was how to detect the three possible interfragmentary
rotations correctly and reproducible. This especially was difficult by using
conventional measurement techniques like photometric approaches or the use
of conventional strain gauges or extensometers.
Comparison between osteosynthesis plates
During the biomechanical loading tests, all bone specimens independent of
choice of bone graft and osteosynthesis system could withstand mechan-
ical loading of approximately 100 N. Since in literature biting forces of
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81.1± 46.1 N are described for patients after resection of the mandible [284],
all three bone grafts offer sufficient resistance, thus could be further consid-
ered for mandibular reconstruction.
Nevertheless, there exist distinct differences between the three plate config-
urations. The experimental data on the human mandible specimens shows
an overall superiority of the miniplate towards the 6-hole TriLock R© plate
and the bicortically fixed and thicker 4-hole TriLock R© plate. Though this
finding is differently pronounced for the different transplants (p = 0.037 and
p = 0.078 in the fibula group, p = 0.42 and p = 0.037 for the iliac crest). For
the scapular transplant, no clear advantage of any of these two groups could
be found (p = 0.11 and p = 0.52 for the scapula). The difference in between
the two locking plate systems was never found to be significant (p = 0.42,
p = 0.42 and p = 0.15, respectively).
For the artificial mandible models that were also used in the scope of this
work, the outcome was different. In these specimens the 6-hole TriLock R©
plate was offering the best stabilization with significant advantages towards
the other two groups of miniplates and 4-hole TriLock R© plates (p = 0.006 and
p = 0.004, respectively). This difference may be attributed to the fact that
the tested artificial specimens were not actually reconstructed with trans-
plants, but double fractured, as the fragment in the middle had the shape
of the removed mandible part. The advantage of the miniplate that it has
the best malleability [55] and hence can easily be adapted towards complex
shapes does not have such a big impact in the group of artificial mandible
models as it has for the groups of actually reconstructed human cadaver
mandibles, where the shapes of the residual mandible and the transplant
may not be in such a good accordance.
It is unclear to what extent material stiffness affects stability because the
miniplates used are produced from stiffer titanium than the locking plates.
This difference in material properties could lead to different results in dy-
namic loading.
In general the outcome of the performed experiments stands in accordance
to other findings in literature, as Haug [285] has shown the increase in re-
sistance to displacement to be directly related to an increase of the number
of screws. The experiments presented here confirm this statement with the
4-hole TriLock R© plate being the weakest fixation technique for all trans-
plants, since it had only four screws per gap while the other plate groups
used twelve.
Looking at clinical data the rates of complications of osteosynthesis for
mandibles reconstructed with vascularized bone grafts, the differences seem
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not distinctive. As studies by Shaw et al. [286] showed no significant differ-
ences between miniplates and reconstruction plates similar to Farwell et al.
[279] who found no significant differences neither in the stability nor in the
rate of complications in between different locking plates.
In literature numerous clinical advantages of the miniplate are described,
such as their small size and malleability which allows precise graft contour-
ing [55, 262, 287] and despite sufficient fixation, they may permit defined
interfragmentary micromotions necessary for bone healing [258].
However, other authors describe advantages of the locking miniplate. Func-
tioning as an internal fixateur, precise adjustment to the bone becomes dis-
posable resulting in a minor interference with bone circulation [264, 266, 288].
Decreased incidence of screw loosening and subsequent inflammatory compli-
cations are reported [266]. Experimental studies on osteotomized mandible
specimens revealed a higher stability of locking to non-locking plates were
performed by Gutwald et al. [271], similar to the experiments described here
with artificial mandible models.
Comparison between bone grafts
Even though all of the tested transplants were able to withstand loads around
100 N, there is an explicit difference in the order of stabilization between the
different bone groups. The distinct superiority of the fibular graft regarding
primary interfragmentary stability is obvious: statistical significance could
be proven when comparing the fibula to the iliac crest in the miniplate group
(p = 0.004), the 6-hole TriLock R© plate group (p = 0.004) and the bicortically
fixed 4-hole TriLock R© plate group (p = 0.004), as well as when comparing
the fibula to the scapula (p = 0.004, p = 0.025 and p = 0.004, respectively).
In between the iliac crest and the scapula no significant differences were
observed (p = 0.63, p = 0.52 and p = 0.34, respectively).
Grohmann et al. [253] discussed the advantages of locking plates, however,
found them to be stressing the iliac crest transplant mainly consisting of can-
cellous bone too much, leading to a higher probability of transplant fracture.
Thus, the suggestion is made that locking plates are better combined with
transplants with a thick cortical shell like that of the fibular graft that we
believed to possess the ability to better withdraw mechanical stress [289]. As
Halasz and Kovacs [290] showed in examination on cadaver bone samples, the
compact bone density of the fibula approaches mandible stiffness and thus
is stronger than iliac crest and scapula. Indeed, these assumption could be
confirmed by the data presented in this chapter, as the fibula transplant al-
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lowed significantly less interfragmentary movement. Consequently, a fibular
transplant offers enough stability in mandible reconstruction. Thus, not only
the advantages of the miniplate but as an alternative also those of locking
plates can be accessed when a fibular transplant is used.
In contrast, Tie et al. [289] performed finite element studies to investigate
the stress distribution on reconstructed, non-atrophic mandibles which they
showed to be closer to normal in mandibles reconstructed with iliac crest than
in those with fibular graft. However, the outcome was mainly attributed to
the bigger connecting surface between mandible and iliac crest than that be-
tween mandible and fibula. It may be a possible reason for that contradiction
to the results of this study as it was purposely avoided to have initial contact
between the bone segments to reproduce conditions before bone healing or
callus formation in order to investigate the immediate primary stability after
reconstruction [252, 253].
In literature, many authors claim each bone flap to have its own field of
application, see e.g. [54, 77, 291] and section 4.4.1 of this work. It is important
to take all of these clinical aspects into account when the decision for a
particular transplant is taken. The mechanical aspect is one essential part
but may not be the sole criterion in the decision process.
Group of artificial bone models (SynboneR©)
The artificial mandible models that have been used in the experiments as a
reference group showed to be more compliant as the fibular grafts but pro-
vided stabilization in a comparable range to the groups of iliac crest and
scapular grafts. Since the model was developed to model the mechanical
behavior of the human mandible that consists of more cortical bone than the
latter two transplant groups and better matches the stiffer material properties
of the fibula [290], it may be argued that the mechanical behavior of that ar-
tificial bone is too soft. However, that difference is not that big that is would
generally question all work that has been published based on experiments
with that mandible model [273, 275]. Instead the presented findings may
be regarded as a stimulation to validate the material properties of artificial
bone models with further experimental data derived from human specimens
to achieve better biomechanical bone models for experimental maxillofacial
surgery research.
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12.5 Conclusions
Summarizing all of the obtained data, as a general recommendation for os-
teosynthesis plates for the reconstruction of L-type defect mandibles the fibu-
lar transplant showed to provided the best stabilization of the fracture gap.
Hence, when only biomechanical concerns are regarded, the fibular graft is
the transplant of choice. In terms of osteosynthesis plates for the group of
human cadaver mandibles the miniplates showed to be superior to the two
different locking plate systems. This is mainly attributed to their malleability
that allows a precise adaptation of the plates to the bone and may neutralize
mismatches in shape between residual mandible and transplant. Hence, mini-
plates are the recommendation for the fixation of transplants to the mandible
bone. However, there is also another application, where Trilock R© plates are
the recommendation from a mechanical point of view. As the experiments
on the osteotomized artificial mandible model showed, there is a significant
advantage for these plates. This finding is attributed to the good geometric
alignment of the bone fragments in these models. Hence, based on the find-
ings of this chapter the locking plates may be recommended for the use in
mandible fractures where both bone segments have matching shape and the
advantage of malleability of the miniplates is not pronounced.
However, further work on that topic is needed to support these conclusions
that have been draw from the presented data, as the group of artificial
mandible specimens may not directly be compared with the human mandible
groups.
In general, the outcome of these measurements may be used for validation
of finite element simulation models. However, patient individual variations
in bone material, both in the mandible and the transplant graft are not
directly accessible without further cumbersome and expensive experiments.
Furthermore, in this particular application the movement of the condyles in
the spheric models is not well defined and showed to be a limitation to the
use of the acquired experimental data of the movement of the markers for
the use in an finite element simulation as a boundary condition or a measure
of validation in the post processing stage. Hence, the performed experiments
have shown to deliver valuable information on the interfragmentary move-
ment, but they are not suitable for the validation of finite element simulation
models.
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13 Orbital Floor Reconstruction with calvarial bone
In this chapter a clinical application of computer aided planning is described
for an orbital floor reconstruction with a calvarial bone graft. Parts of this
work have been presented at a medical conference [292].
13.1 Introduction
Autologous bone grafting is an often applied method for the reconstruction
of bony structures in the facial area [49, 50]. For defects of thin dimensions
that are not exposed to strong mechanical loads, the calvarial bone transplant
which is harvested from the outer layer of the skull bone is well suited. It
may be used in a variety of different applications in reconstructive surgery,
such as skull defects (which was has been the first application of this bone
graft in the late 19th century [293, 294]), reconstruction of the maxilla [80],
and orbital wall defects [80, 82, 83]. Especially for the latter purpose this
transplant is well suited because of its thin shape and its convex curvature
that resembles the shape of the original orbital wall or floor, respectively.
For this type of reconstruction the transplant is harvested as an avascular
(i.e. not tethered to a supplying blood vessel) split skull graft [295]. In this
procedure only the outer layer of the calvarial bone is harvested, the inner
layer remains in place and provides sufficient protection for the brain.
The skull with its large bony surface is a donor site that is in general offering
more bone than is usually needed for reconstructive transplantations. Thus,
the question for the operating surgeon arises, where exactly the calvarial
bone graft should be harvested. Because even though the skulls curvature
is convex in all regions, there are remarkable differences in the magnitude
of this curvature, resulting in a non-arbitrary decision process. Today that
decision for a special donor site is solely based on the visual judgment of the
operator rather than on objective geometrical criteria. It would be beneficial
to perform shape comparisons between the receiving site that needs to be
reconstructed and the corresponding surface of the donor site that might
improve the outcome of reconstructive surgery. For this task, computer aided
methods might be advantageous to find the optimal grafting region on the
skull surface.
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Computer aided procedures in reconstructive surgery have been proposed by
different research groups in the past years. Donor site planning has been
introduced by Krol et al. [296] for the planning of a vascularized iliac crest
bone graft. Newer works e.g. by Juergens et al. [297] show satisfying results
for similar applications, where a method is proposed to find the part of the
iliac crest that is best matching the complexly curved shape of the mandible.
For the exact transition of the planned donor site to the operating room,
two possible methods have been developed in recent years. The first one
is the used of templates, co called surgical guides that have been used for
the planning of fibular grafts [298] and iliac crest transplants [299, 300].
These surgical guides may be planned virtually on the computer and can be
produced fully automated with modern additive manufacturing procedures.
The other approach is the use of optical navigation systems that allow the
intraoperative tracking of relevant objects and thus provide aid to transmit
the planning accurately to the operating room, e.g. [301–304]. For recon-
structions of the orbital wall these navigation systems are used to inter-
operatively track relevant positions for the reshaping of the curvature of the
orbital wall [305].
Though planning of bone transplants from different donor sites has has been
described by others in recent years, up to now no planning methods for
the harvesting calvarial bone grafts have been published. In this chapter of
the work, a novel computer aided method is introduced that is able to find
the optimal donor site on the skull for an orbital floor reconstruction. The
numerical algorithm is described and the integration of the work flow in the
usual clinical routine including the use of a commercial navigation device is
highlighted.
Furthermore, one case report is demonstrated where the proposed work rou-
tine has been applied to help a patient with a severe case of enophtalmos
(i.e. backward displacement of the eye ball) after a traumatic fracture of the
orbital floor and finally the outcome and the reliability of the method are
discussed.
13.2 Methods and algorithms
In this section, a stepwise description of the elaborated process chain is given
to show the essential parts for the elaborated procedure:
1. Segmentation of the bony regions. The relevant geometrical com-
partments have to be prepared from volumetric image data (e.g. CT
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scanned DICOM data). Both relevant bony geometries, i.e. the whole
outer surface of the calvarium and the contralateral healthy orbital
floor have to be prepared accurately and consistently.
2. Planning of the reconstruction shape. The planning of the desired
shape of the orbital floor starts with the mirroring of the virtual 3-D
model of the segmented healthy side. In the mirroring step it is essential
to define a suited mirror plane that is orientated on bony parts of the
face which are not fractured and thus are in physiological position,
e.g. the nose, the frontal bone or the lateral orbital rims. Otherwise
the eventually performed navigated positioning of the transplant in the
operating room may not be appropriate to regain symmetry and may
lead to aesthetically unpleasing and functionally unsatisfying results.
The mirrored geometry is in the following steps referred to as the target
geometry.
3. Definition of evaluation points. A definition of evaluation points
has to be performed to define a search region for the subsequent step
of automated comparison. This region may be of an arbitrary shape
and can be designed to have full coverage of the potential donor region.
Only if the whole relevant region of the skull is covered, the possible
donor sites are evaluated appropriately by the algorithm. All regions
that are not suited as donor sites, e.g. the hairless frontal area, need
not be investigated by the algorithm. Thus, these regions are defined
as inappropriate by simply avoiding to place evaluation points at these
regions. In figure 13.1 an appropriate search pattern consisting of rect-
angles is visualized.
4. Automated geometrical comparison. Once all the desired evalu-
ation points have been defined, the respective placement of the target
geometry and the computation of the 3-D surface deviations are au-
tomatically processed. The algorithm which was used to compute the
spatial deviation was introduced by Aspert et al. [194]. In addition
to the variation in location also an angular variation has to be taken
into account, i.e. the target geometry is not only positioned above the
cranium but also rotated at defined angles around the surface nor-
mal to evaluate all possible harvesting possibilities. Because of the
full automation of the presented algorithm it is effortless to assess the
deviation on a multitude of different regions.
5. Operation planning. Finally, the actual operation can be performed.
Even though the intraoperative navigation is not an essential part of
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Figure 13.1: Rectangular mesh that defines the evaluation points on the skull. In
the presented case a mesh with 1447 of these points was designed, yielding 17364
evaluations in total, as twelve different angles per evaluation point were taken into
account.
the proposed workflow, it is assumed that navigation is significantly
improving the accuracy of both operation parts, the harvesting and
the placement of the bone graft at the recipient site.
13.3 Case report
In June 2012 a 23 year old patient was referred to the department of oral and
maxillofacial surgery at the university hospital in Aachen, Germany. After a
traumatic fracture of the left zygomatic arch, the medial orbital wall and the
orbital floor, a primary surgical procedure has already been performed alio
loco in which the fractured zygomatic arc has been repositioned satisfyingly
accurate. However, the orbital floor could not be repositioned as desired.
Instead, the orbital floor was sunken in the sinus maxillaris and hence the
orbital volume at this side increased causing a deviation of the eyeball in
posterio-caudal direction. A comparison of the affected orbit to the mirrored
healthy right side showed a caudal displacement of approximately 3 mm
and more pronounced a posterior deviation (enophthalmos) of approximately
6 mm.
Pre- and post-operative CT data were acquired using a Siemens/Sensation 16
device with a special resolution of 512× 512× 540 and a voxel size of 0.5×
0.5× 0.75 mm. For the manual segmentation of the bone parts the software
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Figure 13.2: Intraoperative calibration of the navigation device (top left), shape of
the transplant in situ after milling of the external bone wall (top right), harvesting
with a chisel that is applied flat to gently loosen the outer cortical bone layer
(bottom left) and placement of the bone transplant in the planned position (bottom
right).
Mimics R© 14.0 (Materialise, Leuven, Belgium) was used.
In preoperative planning the mirroring of the healthy side was performed
in the software package Kolibri R© (Brainlab GmbH, Feldkirchen, Germany).
The thus acquired data has been eventually used for the intraoperative nav-
igation to optimize the transplant placement to regain symmetry of the two
orbital volumes.
The intraoperative navigation procedure was performed with the naviga-
tion device Brainlab Kolibri R© (Brainlab GmbH, Feldkirchen, Germany).
For that task, an initial calibration with passive markers that were fixed
to the patient’s skull was performed on the frontal surface of the patient.
After harvesting of the split-thickness cranial bone graft (see figure 13.2),
the placement in the orbital cavity was navigated with 3-D tracked surgi-
cal tools. Brainlab Kolibri permitted an intra-operatively orientation on
displays where the operating surgeon could get all relevant information on
the current positions of the transplant and all surgical tools in reference to
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Figure 13.3: Gray value visualization of the three-dimensional differences at each
investigated control point. The gray scale shows integrated deviations from 0.8 mm
(black) to 1.2 mm (white). It is remarkable that on both sides above the temporal
bone there is a circular curve of good accordance. A white ring marks the best
harvesting location that has been used as a guide for graft harvest.
the planned position and thus the system gave valuable aid for the operating
surgeons to place the bone graft with best possible accuracy.
13.4 Results
The performance of the algorithm showed that it can be applied in clinical
operation planning routine. As the evaluation of the 3-D deviation on all
investigated locations (n = 17364) took about eight hours on a standard
desktop computer, overnight calculations are possible that provide all rele-
vant data for further operation planning immediately the day after image
acquisition. Thus, it is possible to define a process chain that includes the
proposed method in a tight clinical routine.
The geometrically optimal position on the skull could be found. This position
is visualized in figure 13.3) and was taken as a reference in the operation room
by the surgeons. In this location the mean 3-D surface deviation between the
planned shape of the orbital floor and the calvarial surface was 0.804 mm.
In comparison to an average mean deviation of 1.07 mm (std: ±0.08 mm).
Hence, this location is significantly better than the average that might other-
wise have been chosen as harvesting location without the suggestion provided
by the introduced computer aided planning tool.
Besides the presentation of one global optimal position, all comparison re-
sults can be visualized and projected on the skull surface to the corresponding
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Figure 13.4: Comparison of the pre-operative situation (top) to the postoperative
outcome (bottom) in axial CT-slices (left, with additional parallel lines for better
orientation in comparison to the bone at ocular height) and in photography.
locations (see figure 13.3). The visual information provided by this graphi-
cal representation can be valuable for the operating surgeon at the stage of
operation planning.
Figure 13.4 shows the postoperative outcome of the case report patient in
comparison to the pre-operative situation in axial CT slices and photos. It is
evident that the aesthetic outcome is a significant improvement in comparison
to the preoperative situation. Furthermore, there is a distinct functional
improvement yielding a better eyeball mobility and thus the quality of life
for the patient could be improved enormously.
13.5 Discussion
The visualization of the calculated accordance between target geometry and
the donor site on different positions off the skull gives valuable information for
the operating surgeon at the stage of operation planning when a harvesting
region has to be chosen.
However, there are limitations to the proposed approach. One shortcoming
is the manual segmentation part which has to be performed in the very
beginning of the planning. There might be a user variability that comes along
with the fact that different investigators, even if they are trained clinicians,
may segment the bony shapes differently and thus produce different 3-D
surface data. If the presented algorithm uses differently shaped geometry
data for the comparison calculations, the optimal positions might also be
altered. Hence, in further studies it is required to observe the robustness of
the method towards geometrical changes in both of the utilized geometries.
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A further limitation of the operation as it has been performed in the reported
case was that the bone graft harvest was performed without navigation. The
position of the bone graft on the skull as it is proposed by the automated
algorithm was used as a reference for the surgeon but that accurate shape
has not yet been transferred to the navigation system in the operating room.
Hence, the borders of the transplant have been chosen in a conventional
rectangular shape rather than in the real curved outlines of orbital floor
borders that could potentially be taken from the segmented and mirrored
CT data. In future applications of the proposed work flow it is intended to
use intraoperative navigation also in the stage of transplant harvesting with
navigated milling tools that permit the definition of transplant boundaries
on the skull with maximal accuracy.
In the presented approach, only the surfaces of the bones are compared. All
thickness of the calvarial transplant is neglected. Though this seem justified
for the thin bones like the external cortical shell of the skull and the orbital
floor that are discussed in this chapter. However, if the algorithms should be
transmitted to other bone grafts, e.g. fibular grafts or iliac crest transplants,
a consideration of the thickness of these bones is inevitable.
13.6 Conclusions
Computer aided applications provide valuable new tools to aid surgeons for
the improvement of the decision for the optimal position of bone graft harvest
in reconstructive surgery. The use of the developed method in one clinical
case showed a satisfactory outcome as the algorithm provided essential aid
for the team of operating surgeons in the stage of operation planning.
The introduced approach is not limited to the presented application in orbital
floor reconstructions with calvarial bone grafts. The recipient site could be
changed, e.g. for applications in skull or maxilla reconstructions. But also
the donor site is not limited to the calvarial bone, other common regions
such as iliac crest or the fibula could also be addressed, as the principal task
remains to find geometrical accordance between donor bone and recipient
site for all these autologous bone transplantations remain the same.
However, it is always essential that the medical knowledge of the surgeons
is taken into consideration, because it would be dangerous to rely solely
on the outcome of a computer planning tool that takes only geometrical
data into account. Furthermore, the persistent dialog between the surgeons
with their anatomical knowledge and operative experience on the one side
and the engineers that may implement computer aided tools and have the
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mathematical and computational background knowledge is necessary. Only
with that interdisciplinary exchange, new surgical tools that take advantage
of modern computational technology can be developed and brought to the
operating room where they can help patients in need.
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